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Wild and managed bees are the most effective pollinators, accounting for about 
80% of the pollination of flowering plants and 75% of fruits, nuts, and vegetables in the 
United States (USDA, 2019; USFWS, 2019). An estimated 4,000 species of bees reside 
in North America, the majority of which are wild and unmanaged. Wild bee communities 
are critical for maintaining healthy ecosystems, as they sustain native flora that provides 
soil stability and habitat for other wildlife. In a changing landscape, floral enhancements 
on privately and publicly-owned lands may have great impact for improving habitat for 
pollinators across the United States. Planting diverse flowering vegetation on otherwise 
low-yielding farmland provides refuge for wildlife and can help connect fragmented 
habitats when combined with other conservation efforts. Further, planting pollinator-
friendly native wildflowers on roadsides provides nutrient-rich forage and nesting 
resources for bees and is aesthetically pleasing to humans. This thesis focuses on the 
impact of habitat enhancements on private agricultural margins and public roadsides on 
wild bee communities by reviewing the current literature on bee decline and pollinator 
habitats (chapter 1), examining the effect of establishing conservation habitats in private 
pivot-irrigated crop fields (chapter 2) and public roadsides (chapter 3), and synthesizing 
best management recommendations and current available conservation programs for land 
owners and managers (chapter 4). In chapter 2, pivot corners planted to habitat (HC) had 
 significantly higher bee abundance compared to all non-corner locations as well as 
significantly higher bee richness compared to all non-corner location in mid & late 
seasons. In chapter 3, conventional roadside seeding methods had lower abundance and 
richness for forbs & bees compared to wildflower only treatments. Roughly 50% of 
seeded forbs established during the first two years. Bee richness on the roadside plots was 
highest in the late season, while forb abundance and richness were highest in the mid-
season. This research demonstrates that planting high diversity vegetation on 
underutilized and low-yielding farmland and roadsides can have positive impacts on wild 
bee pollinator communities and further provides recommendations on how to better 
manage these lands to promote and sustain wild bee communities. 
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Figure 2.1. Experimental design diagram indicating each transect and location. Dashed 
lines represent two quarter sections of farmland and grey circles represent irrigated 
cornfields under a center pivot irrigation system. Marginal pivot corners shown as space 
between the border of the circle and the field borders. Each numbered transect has a 
location label (Crop Corner (CC), Habitat Adjacent Edge (CAE), Habitat Adjacent 
Interior (CAI), Habitat Corner (HC), Habitat Adjacent Edge (HAE), Habitat Adjacent 
Interior (HAI)) and represent where bee bowl sampling took place. Diagram is not to 
scale but is a representation of the experimental design. 
 
Figure 2.2. The average (SE) number of unique bee genera collected across location 
(Crop Corner (CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), 
Habitat Corner (HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI)) 
and by sampling year (2015, 2016). Significant interactions were found between location 
and year (p=0.0216, F=2.78, DF=5). Results indicate significantly more bee genera were 
found at CC locations in 2015 compared to 2016 (p=0.038, t= 2.11, DF=99), while HAE 
locations were significantly higher in 2016 compared to the same location in 2015 
(p=0.005, t= -2.86, DF=99). Letters indicate differences between locations within year 
2015, while lowercase letters indicate differences between location within year 2016. 
Bars with a single asterisk (*) indicates significance within a location at <0.05, while 
double asterisk (**) indicates significance at <0.01. 
 
Figure 2.3. The average (SE) number of unique bee genera collected across location 
(Crop Corner (CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), 
Habitat Corner (HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI)) 
and by season (early=May & Jun., mid=Jul., late=Aug. & Sep.). Significant interactions 
were found between location and season (p=0.001 F=3.37, DF=10). Uppercase letters 
indicate differences between locations within early season, while lowercase letters 
indicate differences between location within mid-season, and italicized letters indicate 
differences between location within late season. Bars with a single asterisk (*) indicates 
significance within a location at <0.05. For the CAI and HAI locations, early season was 
significantly higher than both mid and late seasons (p=.03, DF=99) and for HAE 
locations early season was significantly higher than late season only. 
 
Figure 2.4. The average (SE) number of bees (abundance) collected across location (Crop 
Corner (CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), Habitat 
Corner (HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI)). Results 
indicate bee abundance was significantly higher in HC when compared to all of the 
Locations within the irrigated corn CAE, CAI, HAE, and HAI (p <0.002 DF=126). HC 
and CC were not significantly different, despite HC having numerically higher mean bee 
abundance (p=0.095, DF=126). The lowest bee abundance was found at the interior 
locations CAI and HAI, which were significantly lower than all other locations and not 
different from each other (p=0.003, DF=126). 
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Figure 2.5. The average (SE) number of bees (abundance) collected across season (early 
(May & Jun.), mid (Jul.), late (Aug. & Sep.)). Results indicate that early season had 
significantly higher bee abundance than mid and late season (p <0.000, DF=126)., but 
that mid and late season were not significantly different from one another (p =0.982, 
DF=126). 
 
Figure 2.6. The average (SE) number of bees (abundance) collected across year (2017, 
2018). Results indicate the significantly more bees were collected in 2015 than in 2016 (p 
<0.000, DF=126). 
 
Table 2.1. Inventory of bees collected over all sampling occasions and locations in both 
years 2015 and 2016 sorted alphabetically by family, then genus. 
 
Table 2.2. Statistical output of type III tests of fixed effects for Location ((Crop Corner 
(CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), Habitat Corner 
(HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI), Transect nested 
within Location, Season (early (May & Jun.), mid (Jul.), late (Aug. & Sep.) and year 
(2015, 2016) and all two way and three way interactions for number of unique bee 
genera.  
 
Table 2.3. Statistical output of type III tests of fixed effects for Location ((Crop Corner 
(CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), Habitat Corner 
(HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI), Transect nested 
within Location, Season (early (May & Jun.), mid (Jul.), late (Aug. & Sep.) and year 
(2015, 2016) for number of bees. 
 
Table 2.4. Plant inventory found at research site locations ((Crop Corner (CC), Habitat 
Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), Habitat Corner (HC), Habitat 
Adjacent Edge (HAE), Habitat Adjacent Interior (HAI)) sorted by plant type (forb or 
grass), phenology season (Early= May & Jun., Mid =Jul., late=Aug. & Sep.), year, and 
whether it was a species in the Pheasants Forever seed mix or planted as a crop (seeded) 
or established voluntarily without planting (volunteer). 
 
Figure 3.1. Diagram of the roadside environment depicting the location of a back slope 
(US DOT, 2019). 
 
Figure 3.2. Map of Nebraska depicting NDOT landscape regions. Our study site fall 
inside of region “B” which is highlighted in grey (NDOT, 2019).  
 
Figure 3.3. Plot design in each block. Each plot represents a different treatment type: 1) 
NDOT conventional seeding mix of wildflowers mixed with grasses (conventional), 2) 
two small wildflower only patches that each make up 25% of the plot (25x2), 3) one 
medium wildflower only patch that covers 50% of the plot continuously (50), and 4) one 
large wildflower only patch covering entire plot (100).  
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Figure 3.4. Top left: plots just after seeding; Top right: plot one month after seeding; 
bottom left: established 100% wildflowers plot in mid-season 2017; bottom right: 
established 100% wildflowers plot in mid-season 2018. 
 
Figure 3.5. Left: Rod placed on seeded rows was used to count vegetation frequency of 
occurrence. Top right: clover seedling; bottom right: butterfly milkweed and blackeyed 
susan seedlings 
 
Figure 3.6. Trap nest tubes and block with 60 holes placed in the middle of each plot. 
Tubes and block were fastened to a post, so it was elevated approximately 5ft (1.5 
meters) from the ground.  
 
Figure 3.7. The frequency of occurrence of seeded forbs, volunteer forbs, and grasses 
averaged over 3 collection periods and by treatment (seeding mix of wildflowers mixed 
with grasses (conventional), two small wildflower only patches that each make up 25% of 
the plot (25x2), one medium wildflower only patch that covers 50% of the plot 
continuously (50), one large wildflower only patch covering entire plot (100)) and by 
season (Early=May-June, Mid=Jul-Aug, Late= Sep-Oct). Different letters denote 
significant differences at alpha=0.05. 
 
Figure 3.8. The average number of blooming forbs across treatment (seeding mix of 
wildflowers mixed with grasses (conventional), two small wildflower only patches that 
each make up 25% of the plot (25x2), one medium wildflower only patch that covers 
50% of the plot continuously (50), or one large wildflower only patch covering entire plot 
(100)) and by season (Early=May-June, Mid=Jul-Aug, Late= Sep-Oct) for each year 
(2017 & 2018). Different letters denote significant differences at alpha<0.05 within each 
season. Results indicate significant differences in forb abundance between treatments 
(F3,110=3.992, p=0.00967) and lower forb abundance was found in the conventional 
treatment when compared to the 50% (p=0.066) and 100% (p=0.0066) seeded treatment 
plots. Additionally, forb abundance was significantly higher in mid-season (F2,110=18.58, 
p=1.12e-7) compared to early (p=2.48e-5) and late (p=6.7e-6) seasons. 
 
Fig. 3.9. Box and whisker plots of blooming forbs by block for each year. The median is 
depicted by the black line, while the lower and upper 25% quartiles make up the box and 
the whiskers extending from the box depict maximum and minimum abundance values. 
In 2018, forb abundance showed significant interactions between season*block 
(F6,138=2.544, p=0.02285) but only in early season between blocks 1 & 2 (p=0.0201) and 
1 & 4 (p=0.0209) 
 
Figure 3.10 The average number of unique blooming forbs across treatment (seeding mix 
of wildflowers mixed with grasses (conventional), two small wildflower only patches that 
each make up 25% of the plot (25x2), one medium wildflower only patch that covers 
50% of the plot continuously (50), or one large wildflower only patch covering entire plot 
(100)) and by season (Early=May-June, Mid=Jul-Aug, Late= Sep-Oct) for each year 
(2017 & 2018). Significantly more unique forbs were observed in mid-season collections 
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compared to early and late seasons in 2017 and 2018 (F2,89=5.884, p=0.000693 and 
F2,139=41.595, p=6.95e-15, respectively). Statistically fewer unique forbs were found in 
conventional treatments compared to all other treatments (F3,89=5.884, p=0.001) in 2017, 
but not in 2018 (F3,139=0.439 ns). 
 
Figure 3.11. Box and whisker plots of unique blooming forbs by block for each year. The 
median is depicted by the black line, while the lower and upper 25% quartiles make up 
the box and the whiskers extending from the box depict maximum and minimum number 
of unique forb species. Block 1 was significantly lower compared to blocks 2, 3, and 4 in 
both years (F3,89=4.602, p=.004845 and F3,139=12.727, p=2.13e-7, respectively). 
 
Figure 3.12. The percent of bees (n=510) separated by family found across all treatments 
for each year (2017, 2018). 
 
Figure 3.13. The average number of bees across treatment (seeding mix of wildflowers 
mixed with grasses (conventional), two small wildflower only patches that each make up 
25% of the plot (25x2), one medium wildflower only patch that covers 50% of the plot 
continuously (50), or one large wildflower only patch covering entire plot (100)) and by 
season (Early=May-June, Mid=Jul-Aug, Late= Sep-Oct) for each year (2017 & 2018). 
2017 Results indicate conventional treatment (F3,101=6.846, p=3.03e-4) had lower bee 
abundance compared to all other treatments (25x2 ((1.4±3.3) p=0.00229); 50 ((1.4 ±3.1) 
p=0.00123); 100 ((1.2 ±2.1) p=0.00279)). Seasonal effects were also significant different 
from each other for both years (F2,101=5.42, p=0.0058) where early had significantly 
lower bee abundance than mid (p=0.0099) and late (p=0.0045) season measures. While 
100% seeded treatments generally had higher bee abundance in mid- and late season 
measures there was no statistical differences were observed across treatments in 2018 
(F3,123=0.974, ns). 
 
Figure 3.14. Box and whisker plots number of bees by block for each year. The median is 
depicted by the black line, while the lower and upper 25% quartiles make up the box and 
the whiskers extending from the box depict maximum and minimum. In 2018, the 
interaction effect season*block was significant because of differences between block 2 & 
3 in late season (p=0.0322) but there was not a main effect of block (F3,123=1.268, ns). In 
2017 (mid-season) block 2 had significantly greater bee abundance than block 3 
(p=0.049), and in late season block 2 had significantly higher bee abundance compared to 
all other replicate blocks (p<2.51e-4). 
 
Figure 3.15. The average number of unique bee genera across treatment (seeding mix of 
wildflowers mixed with grasses (conventional), two small wildflower only patches that 
each make up 25% of the plot (25x2), one medium wildflower only patch that covers 
50% of the plot continuously (50), or one large wildflower only patch covering entire plot 
(100)) and by season (Early=May-June, Mid=Jul-Aug, Late= Sep-Oct) for each year 
(2017 & 2018). 2017 Results indicate no significant effects from season (F1,40=1.108, ns) 
or treatment (F3,40=0.115, ns). For 2018 no treatment (F3,98=1.056, ns) effect was 
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observed but mid-season (F2,98=3.147, p=0.0474) showed significantly lower bee number 
of unique bee genera in compared late season (p=0.0363) collections. 
Figure 3.16 Average trap nest occupancy by trap nest type (tubes and blocks) and 
material (cut leaf or flower, mud composite, resin, straw, unknown) by treatment (seeding 
mix of wildflowers mixed with grasses (conventional), two small wildflower only patches 
that each make up 25% of the plot (25x2), one medium wildflower only patch that covers 
50% of the plot continuously (50), or one large wildflower only patch covering entire plot 
(100)) and year (2017, 2018). Results show 2017 had significantly more occupied blocks 
and tubes than 2018 (occupied block nests: F1, 27 =5.004, p = .00778; Occupied tube 
nests: F1, 27 =8.096, p = 0.00837). No significant difference found across treatment 
(Occupied block nests: F3, 27 =0.154, p = 0.927; Occupied tube nests: F3, 27 =0.208, p = 
0.890).  
 
Figure 3.17. Average nest emergence for bees and wasps from 2017 trap nests by 
treatment. No significance was found among bee or wasp emergence compared across 
treatments (bees: F3, 12 =1.33, p = 0.31; wasps: F3, 12 =2.43, p = 0.116). All bees that 
emerged were identified to genus; wasps were categorized together. Parasitized, 
damaged, or destroyed cells from Megachile nests were counted from tube nests 
(indicating predation, parasitism, or disease) and tubes or block holes that had emergence 
holes prior to storage and had emerged during the 2017 field season before the onset of 
winter were categorized as “field-emerged.”  
 
Table 3.1. Inventory of plants found vegetation frequency of occurrence surveys in all 
plots categorized by plant type (forb or grass), bloom phenology, whether the plant was 
in the conventional or wildflower seed mix or a volunteer species, and which year(s) it 
was present (2017, 2018).  
 
Table 3.2 ANOVA table showing forb abundance and richness response variables 
compared across main effects (treatment, season, block) and interaction effects 
(season:block) for years 2017 and 2018.  
 
Table 3.3. Pollinator-plant interaction inventory from both years of the study (2017 & 
2018). Bees identified to genus listed with the plant they were found on (host plant) along 
with years found and treatments found on. 
 
Table 3.4. Top 5 bee-visited forbs in 2017 and 2018 
 
Table 3.5. ANOVA table showing forb abundance and richness response variables 
compared across main effects (treatment, season, block) and interaction effects 
(season:block and treatment:block) for years 2017 and 2018. 
 
Figure 4.1. a) Native bumble bee (Bombus sp.) queen, b) magnified bee thorax with 
pollen sticking to hairs, and c) monarch caterpillar feeding on milkweed. 
 
Figure 4.2. Diverse seed mixture of native wildflowers.  
  
xi 
 
Figure 4.3 Screenshot of Monarch Butterfly and Pollinators Conservation Fund Factsheet. 
Factsheet. 
 
Table 4.1. List of at-risk pollinators of Nebraska as identified by Nebraska Natural 
Legacy project 
 
Table 4.2. List of Nebraska Extension publications for further reading.  
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CHAPTER 1 
 LITERATURE REVIEW 
1.1 Importance of bees in the landscape 
Bees (Hymenoptera: Apoidea: Anthophila) are the most important pollinators 
because of their specialized pollen collecting appendages, hairy bodies, and close 
relationship with flowering plants. Bees have co-evolved with their food plants 
(angiosperms) and are well adapted to efficiently collect pollen to obtain protein for 
brood rearing and nectar to obtain carbohydrates for energy (Nicolson, 2011; Michener & 
Grimaldi, 1988). Geological record shows that angiosperms (flowering plants) and bees 
both appeared around the same time, about 130 million years ago, and since then have 
developed complex mutualisms (Michener & Grimaldi, 1988; Michener, 1979; Engel, 
2001; Grimaldi, 1999). Charles Darwin wrote one of the earliest descriptions of bee-plant 
mutualism in 1859, eloquently stating: ‘Thus I can understand how a flower and a bee 
might slowly become, either simultaneously or one after the other, modified and adapted 
to each other in the most perfect manner, by the continued preservation of all the 
individuals which presented slight deviations of structure mutually favourable to each 
other.’  
The importance of bees on the landscape comes from the ecosystem services they 
provide to the plant communities in various landscapes and ecotypes, from high altitude 
montane terrain, to temperate forests, and from the plains to hot dry deserts, or anywhere 
flowers bloom (Michener, 2007). As bees forage, branched hairs on their bodies collect 
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and transfer pollen from the male anthers of one plant to the female stigma of another 
thus pollinating the plant and triggering seed formation. Through pollination, bees help 
stabilize natural plant communities which develop complex root systems that help enrich 
soil and water thus sustaining ecosystem functions and resiliency. Bees also play an 
integral role in the food-web, as bee larvae are important food sources for gamebirds and 
other wildlife (Liukkonen-Anttila, 2001).  
Another important role that bees play is in global food production. In fact, 39 of 
the leading 57 fruit, vegetable, and nut crops are either completely dependent on or 
receive yield or quality increases with active pollination by animals (Klein et al. 2007). 
The western honey bee (Apis mellifera Linnaeus, 1758) is the best-known managed 
pollinator worldwide, but a handful of non-Apis bees are also able to be managed for 
commercial pollination. These alternative pollinators, including bumble bees, mason 
bees, leaf cutting bees, and alkali bees, along with other wild bees found in the landscape, 
may be even better equipped than honey bees to pollinate some crops, such as alfalfa, 
blueberries, tomatoes, sunflowers and other fruits and nuts (Winfree et al., 2007, 
Garibaldi et al., 2013). For example, in the United States the common eastern bumble 
bee, Bombus impatiens Cresson, is used commercially to pollinate cooler climate crops 
like blueberries and cranberries because these robust bees are able to fly in cooler 
temperatures compared to honey bees (Adamson et al., 2012). Bumble bees are also used 
to pollinate greenhouse crops, such as peppers and tomatoes (Morandin et al., 2001) 
because they employ buzz pollination, or the ability to “unlock” pollen stores in certain 
plants by vibrating their bodies at high frequencies near the anthers of the plant (Proença, 
1992).  
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To summarize, a diverse and abundant bee community in the landscape ensures 
survival of wild plants and food security for humans via pollination and provides an 
important food source for other wildlife including bird species like quail and pheasants 
(Losey & Vaughan, 2006; Liukkonen-Anttila, 2001).  
1.2 Bee diversity 
There are an estimated 20,000 bee species worldwide, with approximately 4,000 
species in North America. Bees belong to the insect order Hymenoptera, suborder 
Apocrita, and superfamily Apoidea, along with the sphecoid wasps which include 
families Heterogynaidae, Ampulicidae, Sphecidae, and Crabronidae (Prentice, 1998; 
Melo, 1999; Michener, 2007; Debevec et al. 2012). Bees are classified into 7 different 
families: Andrenidae, Apidae, Colletidae, Halictidae, Megachilidae, Mellitidae, and 
Strenotritidae. Six of these families are found in North America, omitting Strenotritidae, 
which is only found in Australia. Bees are not only diverse taxonomically, but they also 
prove to have diverse morphologies, foraging behaviors, nesting habits, and life histories. 
Bees range in size from 2-26mm (Greenleaf et al., 2007) displaying a range of colors 
from dull brown to bright red and iridescent green. Some bees forage for pollen from a 
wide range of flowers (generalists), while other bees require a specific species or group 
of flowering plant for their pollen needs (specialists). Additionally, some bees do not 
collect pollen at all, but rather parasitize nest and or food resources from other bees. Bees 
nest in a variety of ways including digging below ground, inhabiting old cavities and 
small crevices or shells, and excavating pithy stems or dead wood (Michener, 2007).  
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1.3 Foraging behaviors 
Most female non-parasitic bees forage for both pollen and nectar. Some species of 
bees additionally forage for floral oils to add to brood food as well as plant resins, leaves, 
mud, or sand for nest building. Bee species show variation in the size and density of 
floral resources on which they collect pollen and nectar. For example, species like the 
social honey bee (Apis mellifera) favor large dense resources patches, while other species 
favor smaller and less dense patches, and still others may have no particular preference, 
foraging randomly on available floral resources (Eikwort & Ginsberg, 1980). Generalist 
bees, such as the honey bee, take pollen from many unrelated species of flowers and are 
considered polylectic (Michener, 2007). Specialist bees, such as the squash bee 
(Peponapis pruinosa) collect pollen from a particular plant species or related taxa are 
considered oligolectic (Michener, 2007). There are broad oligolectic bees which 
specialize on many plant species within a plant family, as well as narrow oligolectic bees 
which specialize on a single plant species or a select few closely related species. 
(Michener, 2007). All bees, male and female, need to consume nectar to meet their 
energetic requirements (Eikwort & Ginsberg, 1980). Bee tongue length dictates the 
flower species from which they can obtain nectar (Eikwort & Ginsberg, 1980). For 
example, bees with longer tongues can reach into flowers that store nectar in long 
corrollas, while short tongue bees must drink nectar from plants with shorter corrollas 
(Eikwort & Ginsberg, 1980).  
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1.4 Nesting habits  
Bees provision food for their young and must have a protected place in which to 
do this, a nest. All bee nests have a common trait: cells in which brood develop 
(Michener, 2007). That is where the similarities end, as nesting habits of bees are far 
from uniform. This brief overview of nesting types scratches the surface of the important 
subject of bee nesting. Seventy percent of all bee species nest below ground (Michener, 
2007). Specific nesting behavior varies greatly among ground nesting bees. Many ground 
nesters excavate tunnels of various depths depending on species and soil characteristics 
(Cane, 1991) . Environmental factors such as soil attributes, temperature and presence of 
other bees and predators impact nest site selection differently for each ground nesting 
species (Cane 1991). Ground nests differ in brood cell arrangements, protective linings 
on the inside of these cells, and provisioning of their young. Above ground nesters find 
hollow stems, old rodent nests, or other protracted natural or man-made crevices in which 
to house brood cells (Michener, 2007). Above-ground nesting bees make brood cells with 
various material from leaves and flower pieces to a mud-plaster made from combinations 
of soil, sand, leaf pieces, plant resins, and other organic or inorganic materials (Michener, 
2007).  
Parasitic bee species nest by exploiting their bee hosts. Each species differs in 
behavior and host. Social parasites live inside the nest of a social bee host. In this case, 
the queen of the host bee is replaced by the female parasite, taking reign and thus tricking 
the workers to rear her offspring. Social parasitism is less common than cleptoparasitism 
in bees (Michener, 2007). Cleptoparasites, commonly called “cuckoo bees”, are parasitic 
bees that enter the nest of solitary bee host, deposit their eggs in a prepared brood cell and 
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then in most cases leave the nest. This strategy ensures food for the parasite larva, who 
eats the food that was provisioned for the host larva (Michener, 2007). 
1.5 Sociality 
Bees range from completely solitary to eusocial (truly social) species, and exhibit 
degrees of sociality that fall between the two extremes. Eusocial insects live in colonies 
made up of adults of two or more overlapping generations that share brood care and 
which are divided among reproductive and non-reproductive castes (Wilson and 
Hölldobler, 2005). Honey bees and bumble bees are the two most common examples of 
bees that exhibit eusocial behavior. Solitary bee females construct a nest and provides 
food for her offspring without the aid of other bees (Michener, 2007). Eusocial bees live 
in colonies that have division of labor among females who work in a cooperative manner 
(Michener, 2007). This division is between mothers who are the egg layers and daughters 
who are the workers. Life histories that fall in between these extremes include 1) semi-
social bees which form a small colony of females from the same generation and have a 
primary egg-layer individual and workers, and 2) communal bees in which two or more 
females may share the same nest, but each female makes and provision their own brood 
cells (Michener, 2007).  
1.6 Habitat requirements 
Specific habitat requirements for bees vary among species. Access to abundant 
and diverse sources of floral nectar and pollen, water, and nesting sites, is required for all 
bees (Tarpy, 2003; Oldroyd & Fewell, 2007; Whitehorn et al., 2011). Bees need to 
consume and collect pollen and nectar for the entirety of their flight period (the time in 
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which adult bees are active in the season). A diverse array of wildflowers blooming from 
early spring until late fall is critical to meet the nutritional needs of bees, which utilize 
carbohydrates, essential amino acids, and micronutrients found in nectar and pollen of 
these forbs (D Vaudo et al., 2015). The quality and quantity of carbohydrates and protein 
provided by each forb species varies widely and attracts different bee species (D Vaudo 
et al., 2015). Female bees collect pollen, sometimes mixed with nectar, to provision their 
brood. They also need access to water for their own consumption as well as nest building. 
Bees use a variety of substrates available to them in the landscape for nest building. Bare 
soil is the most common substrate used, as the majority of bee species are below-ground 
nesters (Michener, 2007). Other materials that bees use for nesting include flower petals 
and leaves, hollow or pithy stems, dead wood, previously used rodent or other animal 
nests, crevices in between rocks, and even shells (Michener, 2007). 
It is important to consider the size of habitat to best support bees on the landscape. 
Although foraging range is not known for each species of bee, Gathmann and Tscharntke 
(2002) reported that a bee will travel 100 m to 1100 m from nest to food varies from. Bee 
size also ranges dramatically from approximately 2 mm to 26 mm and linear relationships 
have been found between bee size and foraging distances (Greenleaf et al., 2007, 
Gathmann and Tscharntke, 2002). Different habitat sizes and a level connectivity 
between these habitats is needed to support the diversity of wild bee species.  
1.7 Bee decline 
Over the past few decades, pollinator communities have been in decline 
worldwide (Potts et al., 2010). Though overall bee decline is difficult to quantify due to 
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their varied and enigmatic life histories, honey bees and bumble bees have been the best 
documented bee groups. In Europe and the United States, multiple studies have shown 
declines in bumble bee diversity over the past several decades (Goulson et al., 2008; 
Cameron et al., 2011; Grixti et al., 2009) as well as declines in honey bee health and 
increasing colony losses (Smith et al. 2013). Factors attributed to pollinator declines 
include pesticides, pests, diseases, climate change, and habitat loss and fragmentation 
(Kearns & Inouye, 1997). Urbanization and agricultural expansion reduce the availability 
of floral resources required by bees for growth and development. Additionally, habitat 
fragmentation alters natural foraging patterns and disrupts plant-pollinator interactions, 
reduces pollination by bees, and increases the potential for isolating bee communities and 
creating genetic bottlenecks (Dewenter & Tscharntke, 1999). Though all factors 
contributing to pollinator decline are important, this and the following chapters will focus 
on habitat loss and fragmentation and explore ways to reverse its negative impacts and 
reduce further losses. 
1.8 Urbanization and agriculture 
Landscapes in the United States have drastically changed over the past few 
hundred years as a result of agricultural production, urban development, and changes in 
land management regimes (Parton et al., 2007). These intensive land use practices lead to 
habitat degradation and results in declines in biodiversity (Foley et al., 2005). According 
to the USDA Economic Research Service, urban areas in the Midwestern states have 
more than tripled (increased 235%) from 1945 – 2012 (USDA, 2018). Urbanization and 
human development envelopes natural lands and has significantly increased the number 
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of impervious surfaces (sidewalks, roads, structures, etc.), thus reducing the available 
floral resources in landscapes (Sohl et al., 2016). Additionally, agricultural expansion 
over the past century has caused near extinction of the native tallgrass prairie ecosystem 
and severely reduced mixed and short grass prairies in the Midwestern and Great Plains 
regions of the United States (Sohl et al., 2016; Samson et al., 2004). Along with these 
landscape changes, natural processes like pollination and other mutualistic ecological 
interactions have been permanently reshaped and impacted (Sohl et al., 2016). This has 
left fewer natural spaces with quality habitat for wildlife such as insect pollinators.  
1.9 Pollinator habitat in agricultural field margins & rights-of-way in Nebraska 
Marginal land is agricultural land that is of little economic value and production is 
low or void due to poor environmental conditions or proximity to roadways or other 
obstructions. A right-of-way is a legal right to make a public passageway over a piece of 
land, usually for transportation purposes including highways, public footpaths, railroads, 
canals, power lines, and oil and gas pipelines (Black, 1910). Numerous studies have 
looked at the conservation value of restored roadsides for sensitive species like 
pollinating insects (Hopwood, 2008; Ries et al. 2001; Noordijk et al. 2009; Munguira and 
Thomas, 1992; Kasten et al., 2016; Henriksen & Langer, 2013). As Nebraska’s 
agricultural industry expands, available natural habitats and floral resources continue to 
decrease across the state. Large acreages of wind-pollinated crops (corn, soy and other 
grains) appear to be forage deserts for pollinators requiring ample and diverse sources of 
nectar, pollen, and shelter. Large cropping systems may also isolate communities of bees, 
particularly species with short foraging ranges. Therefore, agricultural field margins and 
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roadsides have the potential to act as resource patches and serve as corridors to increase 
connectivity within landscapes. Bees often target small dense floral patches as an 
effective strategy to maximize foraging efforts compared to foraging for scattered flowers 
in larger areas (Essenberg, 2013). Thus, floral enhancements to marginal lands and 
roadsides may promote healthier bee communities by providing abundant and diverse 
floral resources and habitats in which bees are more able to establish, move, and expand 
across the landscape.  
1.10 Research objectives and rationale 
In an ever-changing landscape, it is important to understand how human actions 
impact the survival of beneficial insect species that depend on local and natural 
ecosystems. The importance of bees, their ongoing decline, and the need to provide 
adequate habitat for these species is the basis of the rationale of this project. Nebraska is 
a state rich in private lands and roadside acres which must be examined for the purpose of 
establishing and promoting habitat for wildlife such our pollinators. This thesis examines 
the role that floral enhancements on privately-owned agricultural pivot corners and 
publicly-owned roadsides play in improving the local abundance and diversity of bees in 
Nebraska. My research objectives are to:  
1) Examine the abundance and richness of bees utilizing pivot corners with and 
without floral enhancements in private conventional center pivot irrigated 
corn fields 
2) Examine the abundance and richness of foraging and nesting bees and floral 
resources in differently sized wildflower patches on public roadsides, and  
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3) Provide recommendations to land owners and managers on efficacy and 
implementation of these floral enhancements to support diverse wild bee 
communities. 
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CHAPTER 2 
CONSERVATION HABITAT AT IRRIGATION PIVOT CORNERS SUPPORTS 
WILD BEE ABUNDANCE AND RICHNESS 
2.1 Abstract 
Urbanization and agricultural expansion have led to diminishing and fragmented 
habitat for many wild animals, including pollinating bees. Bees are threatened by a 
myriad of factors including pesticide exposure, diseases, pests, and habitat loss due to 
urbanization and agriculture. Ninety percent of Nebraska’s total land area is made up of 
farms and ranches, therefore, habitat enhancements to these privately-owned lands would 
have a large impact on improving the availability of floral resources and habitat for 
pollinators. Planting diverse flowering vegetation on otherwise marginal, or low-yielding, 
cropland provides refuge for wildlife and can help connect fragmented habitats when 
combined with other conservation efforts. This on-farm study, located in west central 
Nebraska, looked at the potential of central pivot irrigation corners (corners of the field 
that are not reached by the irrigation system) to enhance wild bee abundance and 
richness. Bee communities were assessed through passive collection of bees using bowl 
traps sampled once every three weeks over two summers (2015-2016). Bowl traps were 
located within pivot corners with floral enhancements (Habitat Corners), without 
enhancements but seeded to corn or winter wheat (Crop Corners), and Edge and Interior 
locations inside (2m and 60m) adjacent irrigated corn fields. Thirty distinct genera of 
bees within five families: Apidae, Andrenidae, Colletidae, Halictidae, and Megachilidae 
were collected. For bee richness, measured by the number of unique bee genera, 
significant differences were found between years within locations and between seasons 
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within locations.  Bee richness was higher in Habitat Corners with floral enhancements 
across all seasons and years as compared to all other locations, however, were not 
statistically significant, likely due to insufficient sample size. Location, season, and year 
were all significant factors for bee abundance. Bee abundance, averaged over years and 
seasons, was significantly higher in both Habitat Corners and Crop Corners compared to 
most corn field locations, with Habitat Corners having the highest number of bees. Early 
season (May and June) had significantly higher bee abundance than mid (July) and late 
season (August and September), while mid and late season were not significantly 
different from one another. Significantly more bees were collected in 2015 than in 2016.  
This research suggests that marginal farmland can have a positive impact on wild bees, 
supporting the argument that increasing conservation efforts in agroecosystems is 
important to the promotion of healthy pollinator communities. 
2.2 Introduction 
Bees (Hymenoptera: Apoidea) are the most efficient and economically important 
pollinators and play significant roles in both agricultural food production and ecosystem 
resilience. Seventy-five percent of the dominant global food crops benefit from animal 
pollination, most of which are provided by commercially managed and wild bees (Klein 
et al. 2006). There are more than 4,000 species of wild bees described in North America, 
the majority of which are native to North America. Bees play a vital role in our landscape 
which extends beyond agriculture. Bees are biological indicators of ecosystem health 
(Kevan, 1999) because of their influence on trophic interactions. They have an 
interdependent relationship with plants and also serve as an important food source for 
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wildlife. Many upland bird species like pheasant and quail rely on insects such as bees for 
a protein rich diet for their young (Losey & Vaughan, 2006; Liukkonen-Anttila, 2001).  
Bees are threatened by multiple factors, including pesticides, diseases, and habitat 
loss and fragmentation (Goulson, 2015; Kearnes & Inouye, 1997). A fragmented 
landscape can have major impacts on plants and bees because as flower patches become 
isolated, pollinating bees may not be able to reach them and survivability for those plants 
decreases leaving even less food on the landscape for bees (Dewenter & Tscharntke, 
1999). Declines in honey bees and bumble bees are better understood than the majority of 
wild bees, all bees are impacted as natural habitat ranges have shifted or been reduced 
over the past several decades (Goulson, 2015).   
Our landscape has seen drastic changes throughout the past several decades 
through agricultural and urban expansion. In the United States Great Plains (USGP) 
region, where agriculture is most heavily concentrated, the amount of cultivated land 
more than doubled in a 100-year time period from1900 to 2000 (Parton et al., 2007). As 
cropland acres continue to increase across the USGP, what grasslands are left in this 
region are at great risk of agricultural conversion (Olimb & Robinson, 2018). Habitat for 
wildlife decreases with this human induced land simplification, so it is our responsibility 
to implement restoration of these wildlife habitats.  
Wild bees require abundant and diverse floral resources, water, and nesting 
substrate. Therefore, habitats with high density and diverse forbs throughout the season 
are needed for sustaining healthy pollinator communities. In addition to forage, access to 
water nearby is important because bees utilize natural water sources for consumption and 
nest construction (Michener, 2007). Adequate habitat also includes materials and real 
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estate for bee nesting. Seventy percent of wild bees nest in the ground, while the rest nest 
in above ground cavities such as stems, hollow trees, old rodent nests, crevices in rocks, 
etc. (Michener, 2007). Open soil, sand, pithy stems from previous years’ growth, and 
other plant materials including flower petals, resins, fibers, and wood are also utilized for 
bee nests. 
When engaging in pollinator conservation, an understanding of the scale that 
pollinators may need is an important consideration. Although foraging range is not 
known for each species of bee, it is estimated that the distance a bee will travel from nest 
to food varies from 100 m to 1100 m (Gathmann and Tscharntke, 2002). Bee sizes also 
range dramatically from 2 mm to 26 mm. Studies have shown predictive and linear 
relationships between bee size and foraging distances (Greenleaf et al., 2007, Gathmann 
and Tscharntke, 2002). For this reason, different habitat sizes and connectivity between 
habitats are needed to support the diversity of wild bee species. Although there is debate 
on what scale is most appropriate for wildlife habitat enhancements without one end-all 
consensus, small habitat patches scattered across the landscape may be one effective way 
to provide corridors, increase connectivity, and promote healthier wild bee communities 
in heavy agricultural landscapes.  
Agricultural farms and ranches in Nebraska make up 90% of the state’s land area, 
making it an important resource for habitat enhancements for wild pollinators like bees. 
Because the typical corn and soybean crops of Nebraska do not provide sustained forage 
for bees (Otto et al., 2016), marginal agricultural lands can provide critical resources and 
should be utilized for planting floral enhancements to act as patches and corridors for 
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bees to move across croplands for mating, nesting, and foraging needs, thus sustaining 
genetic diversity and connectivity across the landscape. 
Enrolling in incentivized conservation programs is an important way for farmers and 
landowners to improve habitat connectivity. General benefits of these on-farm 
conservation programs include but are not limited to conserving ground and surface water 
and increasing water quality, establishing or restoring quality wildlife habitat to promote 
healthy wildlife and pollinator communities. State and federal agencies and non-
government organizations can provide financial assistance to landowners for employing 
the conservation practices on their land (NE Pheasants Forever, 2017). Numerous studies 
have looked at the value of marginal agricultural land converted to wildlife habitat for 
pollinators (Pywell et al., 2015; Hanley & Wilkins, 2014; Ekroos et al., 2007) and have 
found that these enhancements may even increase row crop yield in the adjacent cropland 
in some systems (Pywell et al., 2015).  
The Corners for Wildlife (CFW) Program is one such incentivized conservation 
program for landowners that is unique to Nebraska. It is a partnership between Pheasants 
Forever, Quail Forever, Natural Resource Districts, Nebraska Game and Parks 
Commission, and the Nebraska Environmental Trust (NE Pheasants Forever, 2017). On 
farmland where center pivot irrigation exists, the corners where the pivot does not reach 
are traditionally planted to row crops where either flood irrigation or no irrigation method 
is employed (dryland). Land enrolled in the Corners for Wildlife program is planted to a 
high diversity seed mix of grasses and wildflowers prepared by a wildlife biologist to 
promote wildlife and pollinator habitat. Under this program, landowners receive a 75% 
cost share for their conservation efforts and establish a 5-year rental agreement with the 
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project partners for this conserved land. Landowners are incentivized by a higher rental 
payment to also plant native shrub thickets, thus attracting and providing cover for more 
targeted wildlife such as ring neck-pheasants and bobwhite quail.  
This research looks at pivot corners that have been converted to high diversity 
plant species to provide wildlife habitat. The overall research question is whether 
establishing habitat on pivot corners enhances bee richness and abundance in those pivot 
corners and in adjacent cropland and how season and year impact these measures. We 
hypothesize that bee abundance and richness is greatest on high diversity plantings on 
pivot corners and adjacent cropland compared to corners that are not enhanced. We 
predict that bee richness and abundance will be greatest in mid and late summer because 
most flowers are in full bloom at that time.  Assuming it takes three years for floral 
enhancements to fully establish and for the native and planted species to out compete the 
weedy vegetation (Xerces Society, 2013), we predict that year two will be richer and 
more abundant in bees than year one, as the enhanced pivot corners will be in their 
second and third year of establishment.  
2.3 Methodology 
2.3.1 Field Site 
The field site was located in west-central Nebraska near the town of Paxton in 
Keith County (41°05'40.5"N 101°24'50.4"W) and consisted of 804.6 x 402.3 m of 
commercial farmland (Figure 2.1). Center pivot irrigation sprinklers covered two circular 
areas (53.4 ha each) of irrigated cropland which had been planted to corn for at least 20 
consecutive years prior to this study. This irrigation pattern resulted in eight non-irrigated 
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(or dryland) corners (2.8 ha each) at our study site (Figure 2.1). Three of the non-irrigated 
pivot corners were enrolled in the Corners for Wildlife (CFW) conservation program, 
while the remaining five corners followed conventional agronomic practices and were 
planted to a rotation of corn and winter wheat. Permanent transects (35 m) were located 
at six locations: 1) Habitat Corner (HC), 2) Habitat Adjacent Edge (HAE), 3) Habitat 
Adjacent Interior (HAI), 4) Crop Corner (CC), 5) Habitat Adjacent Edge (CAE), 6) 
Habitat Adjacent Interior (CAI) with two replicates per location (Figure 2.1). Habitat 
Corners (HC) (Transects #4 and #7) were pivot corners seeded with a Pheasants Forever 
wild fowl nesting seed mixture of perennial grasses and forbs (Appendix 2.A), planted in 
2012 (Transect #7) or 2013 (Transect #4). A thicket of wild plum (Prunus americana) 
was also planted at Transect #7 in 2013. No additional management was applied to these 
corners after seeding. Habitat Adjacent Edges (HAE) (Transects #5 and #8) were located 
within irrigated corn fields 2 m from the Habitat Corners. Habitat Adjacent Interiors 
(HAI) (Transects #6 and #9) were located within irrigated corn fields 60 m from the 
Habitat Corners. Crop Corners (CC) (Transects #1 and #10) were located within pivot 
corners planted to monoculture dryland crops. Transect #1 was corn in 2015 and 2016 
and Transect #10 was corn in 2015 and winter wheat in 2016. Crop Adjacent Edges 
(CAE) (Transects #2 and #11) were located within irrigated corn fields 2 m from Crop 
Corners. Crop Adjacent Interiors (CAI) (Transects #3 and #12) were located within the 
irrigated corn fields 60 m from the Crop Corners. Soil textures in the locations included 
silt loam (Transects #1-3), loamy fine sand (Transects #4-6), loam and frequently ponded 
silt loam (Transects #7-9), and loam and silt loam (Transects #10-12) (NRCS soil survey, 
2019).  
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2.3.2 Bee Collection 
Bees were collected from passive bowl traps once every third week from May 
until September during the summers of 2015 and 2016 for a total of 12 collection dates. 
At each transect, three bowls (one each of yellow, blue, and white) filled with soapy 
water (1 tbsp Dawn dish soap to one gallon of water) were randomly ordered and spaced 
evenly (approximately 17.5 m) on the ground. The bowls were constructed of 592 ml 
blue plastic picnic bowls (Wal Mart, Inc); blue colored bowls were unaltered, while spray 
paint (Krylon® ColorMaster™, colors: white and yellow) was applied to make the white 
and yellow bowls. Bowls were placed at the transects in the morning starting 8:00-10:00 
am (CST) and collected 3:00-7:00 pm (CST) for a minimum of 6 and maximum of 12 
hours. There was one exception to this range when the bowls were left out for 24 hours 
because a rainstorm inhibited their collection until the next day. Bowl contents were 
collected in 532 ml sample bags (Whirl-pak®) and taken to the lab. Specimens were 
removed from the soapy water and stored in glass vials containing a 70% ethanol solution 
until pinning and identification.  
2.3.3 Bee Identification 
Specimens were removed from ethanol and placed inside a small drying chamber 
(a Mason jar with a mesh lid and several pieces of paper towel) and dried using the 
lowest setting of a hair blow dryer (Revlon Compact Hair Dryer 1875W) according to 
protocol from Sam Droege (USGS) (Droege et al., 2016). The drying procedure was 
completed so that important identifying features and colors were more visible (Droege et 
al., 2016). All bees were pinned and identified to genus level using taxonomic keys in 
Bees of the Tall Grass Prairie (Arduser, 2016) and Discover Life (discoverlife.org). 
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Identifications were verified by bee taxonomist Michael Arduser (Missouri Department 
of Conservation) and voucher specimens representing each genus will be retained at the 
University of Nebraska State Museum Entomology Collection for reference. 
2.3.4 Vegetation Surveys 
Vegetation surveys were completed at the same time as bee sampling by 
recording the presence of flower plant species (but total abundance was not quantified) 
within a quadrat (0.25 m2) randomly tossed four times along each transect at least 1 m 
apart from one another. Flowering plants within each quadrat were identified either to the 
lowest possible taxon in the field, or from pictures taken in the field and brought back to 
the lab to be later identified by Jessica Milby (Univ. of Nebraska-Lincoln). Quadrat 
surveys did not represent the full community of plants in the Habitat Corners, so 
additional observations were made and recorded in those locations. Blooming period 
(Early, Mid, Late) was later assigned using these resources: Kansas Wildflowers and 
Grasses (http://www.kswildflower.org/), Minnesota wildflowers 
(https://www.minnesotawildflowers.info/), Illinois wildflowers 
(https://www.illinoiswildflowers.info/), Missouri Botanical Garden Plant Finder 
(http://www.missouribotanicalgarden.org/plantfinder/plantfindersearch.aspx) USDA 
plant database (https://plants.sc.egov.usda.gov/java/), Grasses of the Great Plains 
(Stubbendieck et al., 2017), and North American Wildland Plants (Stubbendieck et al., 
2003).  
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2.3.5. Statistical Analysis 
Bees collected from the three different colored bowls (yellow, white, and blue) 
were pooled together for each transect on each collection date. Bee data were split into 
three temporal groups with two collection dates each: early season (May and June), mid-
season (July), and late season (August and September). Data were log linked and 
statistically analyzed using a generalized linear model (PROC GLIMMIX) with a 
negative binomial response distribution using SAS 9.4 (SAS Institute 2002-2012). Four 
factors were tested for significant effects: transect (nested within location), location, 
season, and year. The interaction between transect and location was tested to ensure there 
were no response differences between transects within a location. 
Bee richness was calculated as the number of unique genera collected per transect 
on each collection date. No significant differences were found between transects nested 
within location, so transects within the same location were combined and analyzed 
together. The generalized linear model was fitted to test the three-way interaction 
(Location*Season*Year) and all two-way interactions (Season*Year, Location*Year, 
Location*Season). Tukey-Kramer multiple comparison tests followed. 
Bee abundance was calculated as the total number of bees collected per transect 
on each collection date. No significant differences were found between transects nested 
within location, so transects within the same location were combined and analyzed 
together. Two and three-way interactions for bee abundance were not included in the 
model because the response variable counts ranged so greatly (0 to 81) and contained 
many zeroes. Therefore, differences between locations averaged over years and seasons, 
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seasons averaged over years and location, and years averaged over location and season 
were looked at separately. Tukey-Kramer multiple comparison tests followed. 
2.4 Results 
2.4.1 Bee Community 
 A total of 1,663 bees were collected and identified over the entire course of the 
project. Five of the six bee families known in the United States were collected at this site: 
Andrenidae, Apidae, Colletidae, Halictidae, and Megachilidae (Mellitidae being the only 
North American family not represented). Twenty-seven different genera were collected 
overall (Table 2.1); however, the bee community was dominated by Halictidae, which 
made up 86% of the total bee abundance found at our sites. Within the family of 
Halictidae, the most abundant genera were Lasioglossum and Agapostemon.  
2.4.2 Bee richness 
No significant differences were found between replicate transects at each location 
(p=0.954, F=0.26, DF=6). Additionally, no interaction was found among fixed effects 
location, season, and year (p=0.295, F=1.21, DF=10) or between season and year 
(p=0.537, F=0.62, DF=2). Significant interactions were found between location and year 
(p=0.0216, F=2.78, DF=5), and between location and season (p=0.001 F=3.37, DF=10) 
(Table 2.2). Significant differences were found between years within locations and 
between seasons within locations (Figures 2.2 and 2.3). Statistically significant 
differences were not observed in bee richness for location when taking into consideration 
interactions with the variables season and year. Tukey-Kramer comparisons within each 
location across years showed significantly higher bee richness at Crop Corner (CC) in 
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2015 compared to 2016, while Habitat Adjacent Edge (HAE) locations were significantly 
higher in 2016 compared to the same location in 2015 (Figure 2.2). Tukey-Kramer 
comparisons within each location across seasons showed higher bee richness in the early 
season compared to mid and late season in Habitat Adjacent Interior (CAI), and Habitat 
Adjacent Interior (HAI) and higher bee richness in early season compared to late season 
in Habitat Adjacent Edge (Figure 2.3).  
2.4.3 Bee Abundance  
Location, season, and year were all significant factors for bee abundance (Table 
2.3). Bee abundance was significantly higher in Habitat Corners (HC) when compared to 
all of the Locations within the irrigated corn (CAE, CAI, HAE, and HAI). HC and CC 
were not significantly different, despite HC having numerically higher mean bee 
abundance (34.1 ± 4.6 vs. 15.8 ± 3.3) likely due to the low sample size. The lowest bee 
abundance was found at the interior locations (CAI and HAI), which were significantly 
lower than all other locations other than CAE (Figure 2.4). Seasonal differences in bee 
abundance were also found. Early season had significantly higher bee abundance (15.0 ± 
2.6) than mid (9.6 ± 1.9) and late season (10.7 ± 2.7) (Figure 2.5). Mid and late season 
were not significantly different from one another. Significantly more bees were collected 
in 2015 (15.4 ± 2.5) than in 2016 (8.3 ± 1.2) (Figure 2.6). 
2.4.4 Plant Community 
A total of 23 different species of forbs and 17 grasses were found in the different 
sampling locations (Table 2.4). All 23 forbs were observed at the HC location, whereas 5 
or fewer forbs were found in CC and all irrigated corn locations (CAE, CAI, HAE, HAI) 
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had 9 or fewer flowering plants. In addition to those plants from the seeding mix (blanket 
flower, maxmillian sunflower, common milkweed, etc. ), Habitat Corners also contained 
weedy species such as kochia, marestail, and russian thistle (Table 2.4). As is typical in 
habitat plantings, weeds in addition to planted species were present.  
2.5 Discussion 
Our results align with Hedrix et al. (2010), Hemsley (2005), and Davis et al. 
(2008) who found that small fragments of prairie no larger than one to five hectares in 
Iowa can support diverse bee communities. Our findings highlight the value of 
establishing habitat on marginal lands through incentivized programs for farmers and 
support similar findings that marginal lands are important for promoting bee communities 
in agricultural ecosystems (Pywell et al., 2014; Hanley and Wilkins, 2014; Ekroos et al., 
2007, Marshall and Moonen, 2008). 
Bees collected in this study predominately belonged to the family Halictidae or 
sweat bees. This is not surprising because halictids are ground nesting bees and known to 
be common and abundant in agricultural ecosystems (Kwaiser and Hendrix, 2008). The 
overall bee community collected in this study represented a variety of nesting habits and 
life history strategies. Ground nesting occurs in each of the five bee families collected. 
All non-parasitic genera from the families Halictidae, Andrenidae, and Colletidae as well 
as some collected genera from the family Apidae are exclusive ground nesters. Stem and 
cavity nesting bees from three bee families include the genera Osmia, Lithurgopsis, 
Hoplitis, and Megachile, and Bombus. The bee genera that were collected range from 
primitively eusocial bees (Bombus and some Halictus and Lasioglossum), to communal 
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bees (some Halictus, and Lasioglossum). Solitary life histories are employed by all of the 
collected genera in families Andrenidae, Megachilidae, and Colletidae, as well as some 
from genera in the families Halictidae and Apidae. Additionally, four parasitic bee genera 
were collected from the bee families Halictidae and Apidae. This diverse set of 
characteristics uncovers a complex bee community in this agriculture dominated system. 
Additionally, we found unique bee genera such as Lithurgus, a megachilid bee that is a 
pollen specialist of cactus (Cactaceae: Opuntia) (Cockerell, 1900), and the tiny Neolarra, 
a cleptoparasitic apid bee that parasitizes the nests of the genus Perdita (Michener, 1939. 
The presence of these unique genera is important because it indicates that agricultural 
ecosystems can contain rarely collected and specialist bees (Michael Arduser, personal 
communication), making it even more important to increase conservation efforts in these 
systems. 
 Although Habitat Corners had numerically more generic richness in 2015 than in 
2016, this was not statistically significant. Interestingly, richness was significantly lower 
in 2015 compared to 2016 in Habitat Adjacent Edge (HAE) locations. When looking at 
bee abundance averaged over location and season, we saw a significantly higher 
abundance in 2015 compared to 2016. This could be due to environmental factors such as 
differing weather patterns. For example, a wet spring and fall may lead to soil conditions 
being less amenable for ground nesting bees.  
Bee richness in Habitat Adjacent Interior (CAI), Habitat Adjacent Edge (HAE), 
and Habitat Adjacent Interior (HAI) locations was higher in the early season (May and 
June) compared to both the mid (July) and late (August and September) seasons. All of 
these locations are within the corn field and greater bee richness could be explained by 
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the fact that the planted corn was not growing until the mid and late seasons. By July, 
growing corn would act as a barrier for bees from entering inside the field. In the early 
season, before corn growth, bees would be more likely to forage inside the field looking 
for pollen and nectar resources. Bee abundance averaged over location was significantly 
higher in early season (May and June) compared to both the late (July) and mid seasons 
(August and September). This could be similarly due to the growth patterns of the 
adjacent corn field, as the edge and interior locations within the fields were more 
accessible to bees at this time of the year.  
Challenges associated with this study included a limited number of replications 
which resulted in high standard errors, a selective bee sampling method, and limited 
vegetation data. This research was part of a larger study and the bee sampling methods 
were chosen to best represent the overall bee community, given time and personnel 
constraints. Bee bowl trapping is limited because it typically favors halictids because they 
tend to be small enough to get trapped by the soapy water and not able to escape from the 
bowl, whereas larger bodied bees sometimes may be able to climb out of the bowl (Cane 
et al., 2000). Bee bowl trapping is also liming because it does not contain information 
about floral associations of the bees that were caught, so specific plant-pollinator 
interactions cannot be extracted. Although plant-pollinator interactions were not assessed 
in this study, Habitat Corners supported a variety of seeded and volunteer plants from 
which bees drink nectar and collect pollen including sunflowers, blackeyed susan, 
blanketflower, smartweed, sweetclover, and coneflowers (Table 2.4).  
Even though more bees were found in Habitat Corner (HC) locations than on 
Crop Corner (CC) locations averaged over season and year, this difference was not 
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statistically significant. Bee bowl traps may have attracted bees from nearby roadside 
margins or adjacent pastures inflating abundance on Crop Corner locations. Habitat 
Corner locations had a two-fold increase in average bee abundance compared to Crop 
Corner locations and though this increase was not statistically significant, it is great 
enough to be ecologically important in this system. Even though our original hypothesis 
that Habitat Corners support significantly greater bee abundance than Crop Corners, it the 
findings are interesting because both types of corners support higher bee abundance than 
all other locations, including Habitat Adjacent Edges.  
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2.7 Figures and Tables 
 
 
Figure 2.1. Experimental design diagram indicating each transect and location. Dashed 
lines represent two quarter sections of farmland and grey circles represent irrigated 
cornfields under a center pivot irrigation system. Marginal pivot corners shown as space 
between the border of the circle and the field borders. Each numbered transect has a 
location label (Crop Corner (CC), Habitat Adjacent Edge (CAE), Habitat Adjacent 
Interior (CAI), Habitat Corner (HC), Habitat Adjacent Edge (HAE), Habitat Adjacent 
Interior (HAI)) and represent where bee bowl sampling took place. Diagram is not to 
scale but is a representation of the experimental design. 
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Figure 2.2. The average (SE) number of unique bee genera collected across location 
(Crop Corner (CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), 
Habitat Corner (HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI)) 
and by sampling year (2015, 2016). Significant interactions were found between location 
and year (p=0.0216, F=2.78, DF=5). Results indicate significantly more bee genera were 
found at CC locations in 2015 compared to 2016 (p=0.038, t= 2.11, DF=99), while HAE 
locations were significantly higher in 2016 compared to the same location in 2015 
(p=0.005, t= -2.86, DF=99). Letters indicate differences between locations within year 
2015, while lowercase letters indicate differences between location within year 2016. 
Bars with a single asterisk (*) indicates significance within a location at <0.05, while 
double asterisk (**) indicates significance at <0.01. 
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Figure 2.3. The average (SE) number of unique bee genera collected across location 
(Crop Corner (CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), 
Habitat Corner (HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI)) 
and by season (early=May & Jun., mid=Jul., late=Aug. & Sep.). Significant interactions 
were found between location and season (p=0.001 F=3.37, DF=10). Uppercase letters 
indicate differences between locations within early season, while lowercase letters 
indicate differences between location within mid-season, and italicized letters indicate 
differences between location within late season. Bars with a single asterisk (*) indicates 
significance within a location at <0.05. For the CAI and HAI locations, early season was 
significantly higher than both mid and late seasons (p=.03, DF=99) and for HAE 
locations early season was significantly higher than late season only. 
 
 
Figure 2.4. The average (SE) number of bees (abundance) collected across location (Crop 
Corner (CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), Habitat 
Corner (HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI)). Results 
indicate bee abundance was significantly higher in HC when compared to all of the 
Locations within the irrigated corn CAE, CAI, HAE, and HAI (p <0.002 DF=126). HC 
and CC were not significantly different, despite HC having numerically higher mean bee 
abundance (p=0.095, DF=126). The lowest bee abundance was found at the interior 
locations CAI and HAI, which were significantly lower than all other locations and not 
different from each other (p=0.003, DF=126). 
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Figure 2.5. The average (SE) number of bees (abundance) collected across season (early 
(May & Jun.), mid (Jul.), late (Aug. & Sep.)). Results indicate that early season had 
significantly higher bee abundance than mid and late season (p <0.000, DF=126)., but 
that mid and late season were not significantly different from one another (p =0.982, 
DF=126). 
 
 
 
 
Figure 2.6. The average (SE) number of bees (abundance) collected across year (2017, 
2018). Results indicate the significantly more bees were collected in 2015 than in 2016 (p 
<0.000, DF=126). 
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Table 2.1. Inventory of bees collected over all sampling occasions and locations in both 
years 2015 and 2016 sorted alphabetically by family, then genus. 
Family Genus Number of Bees Caught  % of Total Bees 
Andrenidae   34 2.04 
 Andrena 1 0.06 
 Caliopsis 1 0.06 
 Perdita 28 1.68 
 Protoandrena 1 0.06 
 Pseudopanurgus 3 0.18 
Apidae   173 10.4 
 Anthophora 5 0.3 
 Bombus 13 0.78 
 Diadasia 6 0.36 
 Eucera 19 1.14 
 Melissodes 113 6.79 
 Neolarra 1 0.06 
 Nomada 2 0.12 
 Svastra 4 0.24 
 Triepeolus 5 0.3 
 Xenoglossa 5 0.3 
Colletidae   2 0.12 
 Hylaeus 2 0.12 
Halictidae   1431 86.05 
 Agapostemon 503 30.25 
 Augochlorella  31 1.86 
 Augochloropsis 11 0.66 
 Dufourea 1 0.06 
 Halictus 78 4.69 
 Lasioglossum 790 47.5 
 Sphecodes 17 1.02 
Megachilidae   23 1.38 
 Hoplitis 5 0.3 
 Lithurgopsis 1 0.06 
 Megachile 16 0.96 
 Osmia 1 0.06 
 
 
Table 2.2. Statistical output of type III tests of fixed effects for Location ((Crop Corner 
(CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), Habitat Corner 
(HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI), Transect nested 
within Location, Season (early (May & Jun.), mid (Jul.), late (Aug. & Sep.) and year 
(2015, 2016) and all two way and three way interactions for number of unique bee 
genera.  
Effect df F P 
Location 5 18.92 <.0001 
Transect (Location) 6 0.26 0.9536 
Season 2 14.46 <.0001 
Year 1 0.04 0.8434 
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Season*Year 2 0.62 0.5374 
Location*Season 10 3.37 0.0008 
Location*Year 5 2.78 0.0216 
Location*Season*Year 10 1.21 0.2948 
 
 
Table 2.3. Statistical output of type III tests of fixed effects for Location ((Crop Corner 
(CC), Habitat Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), Habitat Corner 
(HC), Habitat Adjacent Edge (HAE), Habitat Adjacent Interior (HAI), Transect nested 
within Location, Season (early (May & Jun.), mid (Jul.), late (Aug. & Sep.) and year 
(2015, 2016) for number of bees. 
Effect df F P 
Location 5 23.68 <.0001 
Transect 
(Location) 6 0.10 0.9960 
Season 2 13.60 <.0001 
Year 1 5.40 0.0217 
 
 
Table 2.4. Plant inventory found at research site locations ((Crop Corner (CC), Habitat 
Adjacent Edge (CAE), Habitat Adjacent Interior (CAI), Habitat Corner (HC), Habitat 
Adjacent Edge (HAE), Habitat Adjacent Interior (HAI)) sorted by plant type (forb or 
grass), phenology season (Early= May & Jun., Mid =Jul., late=Aug. & Sep.), year, and 
whether it was a species in the Pheasants Forever seed mix or planted as a crop (seeded) 
or established voluntarily without planting (volunteer). 
Common Name Plant type Scientific Name Early Mid Late  Locations Found Years Found Seeded Volunteer 
Blanket flower Forb Gaillardia spp.  x  x  x HC 2015, 2016 x 
  
Carpetweed Forb Mollugo verticillata   x x x HC 2015   
x 
Eastern black 
nightshade Forb 
Solanum  
ptychanthum  x x  x  HC 2015 
  
x 
Kochia Forb Kochia scoparia   x x HC, HAE 2015, 2016 
  
x 
Lambsquarter Forb Chenopodium album   x x HC, HAE 2015, 2016   
x 
Russian thistle Forb Salsola spp.   x x HC, HAE 2015, 2016 
  
x 
Mare's tail Forb Conyza  canadensis    x x HC 2015, 2016   
x 
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Maxmillian 
sunflower  Forb 
Helianthus 
maximiliani    x x HC 2015, 2016 x   
Pigweed Forb Amaranthus spp.  x x x HC, HAE, CAE 2015, 2016 
  
x 
Puncture vine Forb Tribulus  terrestris    x x HC, HAE, CAE 2015, 2016   
x 
Annual 
sunflower  Forb 
Helianthus 
annuus    x x HC 2015, 2016   
x 
Common 
milkweed  Forb Asclepias syriaca  x x x HC 2015, 2016 x   
Smartweed Forb Polygonum sp.  x x x HC 2015, 2016 
  
x 
Texas croton Forb Croton texensis  x x x HC 2015 
  
x 
 10 petal sand lily  Forb Mentzelia decapetala    x x HC 2016   
x 
Black-eyed 
Susan Forb Rudbeckia hirta  x x x HC 2016 x   
Mexican hat 
coneflower Forb 
Ratibida 
columnifera  x x x HC 2016 x   
 Mullein Forb Verbascum thapsus  x x x HC 2016   
x 
 Penstemon Forb Penstemon  x x   HC 2016 x   
Purple prairie 
clover  Forb Dalea purpurea  x x x HC 2016 x   
Yellow sweet 
clover Forb 
Melilotus 
officinalis  x x x HC 2016 x 
  
Yellow wild 
alfalfa Forb Medicago sativa  x x   HC 2016 x   
Western 
wheatgrass Grass 
Pascopyrum 
smithii   x x x HC 2016 x   
 Sand Bur Grass Cenchrus longispinus     x x HAE 2016   x 
 Barnyard Grass Grass Echinochloa    x x HC 2015 
  
x 
 
Cheatgrass/Down
y brome 
Grass Bromus tectorum  x  x   HC 2015, 2016 
  
x 
 Foxtail Grass Alopecurus   x  x  x HC, HAE 2015   x 
 Foxtail Grass  Setaria  x  x  x HC, HAE 2015   x 
 Sideoats grama Grass Bouteloua curtipendula  x x x HC 2015 x   
 Stinkgrass Grass Eragrostis cilianensis   x x HC 2015   
x 
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Fall panicum Grass Panicum dichotomiflorum    x x CC 2015 
  
x 
Maize Grass Zea mays   x    HAE, HAI, CC, CAE 2015, 2016 x   
Witchgrass Grass Panicum capillare  x  x   HC 2015   
x 
 Big bluestem  Grass Andropogon gerardii    x x HC 2016 x   
 Indian grass  Grass Sorghastrum nutans    x  x HC 2016 x   
 Little bluestem  Grass Schizachyrium scoparium    x x  HC 2016 x   
 Sand bluestem  Grass Andropogon hallii        HC 2016 x   
 Sand dropseed  Grass Sporobolus cryptandrus   x x  x  HC 2016   
x 
 Switchgrass Grass Panicum virgatum     x  x HC 2016   
x 
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APPENDIX 2.A. COPY OF SEED MIX FOR HABITAT CORNERS (HC) 
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CHAPTER 3 
SEEDING WILDFLOWER PATCHES TO SUPPORT WILD BEE COMMUNITIES 
ALONG NEBRASKA ROADSIDES 
3.1 Abstract  
Wild and managed bees pollinate about 80% of all flowering plants and 75% of 
fruits, nuts, and vegetables in the United States (USDA, 2019; USFWS, 2019). There are 
roughly 4,000 species of bees in the United States, the majority of which are native and 
unmanaged (Winfree, 2007). These wild bee communities are critical for maintaining 
healthy ecosystems as they sustain native flora that provides soil stability and habitat for 
other wildlife. Increasing habitat loss from agricultural and urban development has led to 
rapid population declines in wild bees and other pollinators across the US, thereby 
jeopardizing not only food production but also the sustainability of our natural landscapes 
(Kearns & Inouye, 1997). One way to mitigate wild bee decline is to establish more 
habitat corridors on public rights-of-way, such as roadsides. Planting pollinator-friendly 
native wildflowers on roadsides provides nutrient-rich forage and nesting resources for 
bees and is aesthetically pleasing. However, wildflowers on roadsides are typically 
seeded with competitive grasses and are costly to establish and manage long term. This 
research explores wildflower seeding practices by separating wildflowers from the 
conventional wildflower + grass seed mixes and testing optimal patch size to assess more 
cost-effective ways of enhancing roadside habitat that support healthy wild bee 
communities on public roadsides. Optimal patch sizes and treatment groups included 
100% wildflower mix seeded to the entire 3 m x 18.3 m plot (treatment 100), only 50% 
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of the plot seeded in one continuous patch (treatment 50) or in two small patches 
(treatment 25x2) compared to current practices of seeding wildflower-grass mixtures 
(treatment conventional). Wild bee abundance, diversity, foraging preference, and nesting 
ability was assessed and compared across seeding practices and patch size treatment 
groups. Floral diversity and abundance were also analyzed to compare plant-pollinator 
interactions across treatments.  Conventional roadside seeding methods had lower 
abundance and richness for forbs and bees compared to 100% wildflower mix seeded 
patches (treatments 100, 50, 25x2). No differences across differently sized wildflower-
only patches were found likely because of the recent establishment plots. In fact, only 
~50% of seeded forbs had established during the first two years. As plots mature and 
become vulnerable to weed encroachment, the effect of patch size may become more 
distinguished across treatment groups. Bee richness was highest in the late season, while 
forb abundance and richness were highest in the mid-season. This research will provide 
insight into the role floral enhancements and patch size play in attracting bees as well as 
recommendations on how to better manage marginal lands, such as roadsides, to support 
and sustain wild bee communities. 
3.2 Introduction  
In the Midwestern United States, agricultural and urban expansion has converted 
grassland ecosystems into a mosaic of monoculture crop fields, roadways, impervious 
surfaces, and fragmented natural lands. Bees in this region have evolved and co-adapted 
with complex plant communities that make up tall-, short-, and mixed-grass prairie 
ecoregions. Agricultural and urban encroachment fragments remaining natural landscapes 
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and disrupts plant-pollinator networks (Tscharntke et al., 2005). Thus, underutilized lands 
such as crop field margins, right of ways, and roadsides play ever increasing roles in 
sustaining biodiversity in these areas. Marginal lands such as roadsides have the potential 
to connect fragmented landscapes and act as habitat corridors critical for connecting 
isolated plant and pollinator communities particularly those surrounded by large 
monoculture crop fields (Krewenka et al., 2011). With 6.5 million kilometers of 
roadways in the United States and an estimated 3.9 million hectares of potential habitat 
(Wojcik & Buchmann, 2012), this proves to be an important resource to exploit for much 
needed pollinator habitat. Roadsides restored to native vegetation have been found to 
promote and support wild bee communities better than those which are left weedy and 
dominated by nonnative plants (Hopwood, 2008). Roadsides may act as primary habitat 
or secondary refugia (partial habitat) for bee species that primarily colonize agricultural 
field margins, prairie woodlands, or urban settings (Hopwood et al., 2015). Suitability of 
roadside habitat depends broadly on vegetation composition, abundance and 
establishment, physical soil structure, and adjacent landscapes (Hopwood et al., 2015). 
Suitable habitat for bee pollinators requires abundant and diverse flowering plants 
throughout the season, nesting sites and materials for nest construction, protection from 
chemicals, and a diverse gene pool (Tarpy, 2003; Oldroyd & Fewell, 2007; Whitehorn et 
al., 2011). 
Various materials are used by bees for nesting. Roughly 70% of all bee species 
nest below ground so soil substrate is the most important material. The remaining bee 
species nest above ground in pithy stems, previously bored insect holes, and unused 
rodent nests (Michener, 2007). Bees use a variety of plant materials including flower 
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petals, resins, fibers, and wood to construct their brood chambers within their nests 
(Michener, 2007). Understanding these diverse nesting and foraging requirements of bees 
is a critical component of establishing pollinator habitat on roadsides.  
 Best management practices for establishing pollinator habitat on roadsides are 
still being discussed and adapted as we learn more about how wild pollinator 
communities react to different management techniques and planted seed mixtures 
(Hopwood et al., 2015). Planting native wildflowers on roadsides provides important 
pollinator habitat, but there are challenges associated. For example, wildflower seeds may 
be expensive to purchase, difficult to obtain, establish and maintain (Houseal and Smith, 
2000), and are easily overtaken by grasses (Soper et al., 2018). Studies show that 10 
years after planting a typical wildflower and native grass seed mixture, less than 10% of 
the established vegetation consists of wildflower species (Soper et al., 2018). One way to 
mitigate competition with grasses and promote better floral establishment is to plant 
isolated wildflower patches that are bordered by native grasses. Grasses will likely 
encroach into flower patches naturally, but wildflower mixtures without the incorporation 
of grass seeds will have a better chance at establishment and persistence because of the 
reduction in competition from grasses.  
This research looks at how the planting of differently-sized, isolated, native 
wildflower patches impacts bee communities when compared to planting a conventional 
seed mixture of native wildflower and grasses. Specifically, we compare bee community 
parameters including abundance, richness, and trap nest occupancy. We hypothesize that 
larger-sized wildflower patches will support a richer and more abundant bee community 
than the conventional seed mix. However, we are also testing to see if seeding area can be 
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reduced and yet maintain functional diversity of roadsides for supporting pollinator 
communities. 
3.3 Material and Methods 
3.3.1 Study site selection and description 
On April 4, 2017, an 11 km stretch of Nebraska Highway 75 was selected for our 
study site based on the following criteria: 1) it contained newly graded and constructed 
roadside enabling our team to plant research plots at the same time that conventional 
seeding was taking place 2) it contained 4 back slopes (Figure 3.1) with a minimum area 
7.3 m by 18.3 m separated by 30.5 m-76 m and 3) each of the four back slopes were at 
least 80 m away from one another.  
The study site is within Nebraska Department of Transportation (NDOT) 
Landscape Region B (Figure 3.2) between the village of Union, NE and Nebraska City, 
NE. The site runs through two counties: Cass and Otoe. Nebraska Department of 
Transportation splits the state into six landscape regions to make appropriate seeding and 
landscaping decisions for each region. Landscape region B is comprised of flat to rolling 
plains with mostly silt loam soil with clay subsoil (NDOT, 2019) and is within USDA 
Plant Hardiness Zone 5 (USDA, 2012, NDOT, 2019) Native vegetation in this region is 
dominated by Tallgrass prairie species including grasses such as big bluestem 
(Andropogon gerardii), Indiangrass (Sorghastrum nutans), switchgrass (Panicum 
virgatum), and canada wildrye (Elymus canadensis), and wildflowers such as maxmillian 
sunflower (Helianthus maximiliani), blackeyed susan (Rudbeckia hirta), and upright 
prairie coneflower (Ratibida columnifera). Fragments of remnant prairies exist in this 
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region along with woodlands which include a variety of trees, such as oaks, hickories, 
cottonwoods, and willows (dot.nebraska.gov, n.d.). The annual average temperature is 
11.7 C with rainfall averaging 85.6 cm inches of rain and 68.58 cm of snow per year 
(www.usclimatedata.com). The hottest month is July at 30.5 C as the average high and 
18.3 C as the average low. The coldest month is typically January with a 1.1 C average 
high and -10 C average low (www.usclimatedata.com). 
3.3.2 Experimental design 
The experiment was designed as a randomized complete block with four plots in 
each replication. Plots were approximately 7.3 m x 18.3 m and separated by 30.5-76.2 m. 
Four replicated blocks were established for a total of 16 plots. Each plot within a block 
was randomly assigned a treatment as follows: 1) NDOT conventional seeding mix of 
wildflowers mixed with grasses (conventional), 2) two small wildflower only patches that 
each made up 25% of the plot (25x2), 3) one medium wildflower only patch that covered 
50% of the plot continuously (50), and 4) one large wildflower only patch which covered 
the entire plot (100) (Figure 3.3).  
3.3.3 Seeding of plots 
A wheat cover crop was planted in fall of 2016 to prepare field sites. Plots with 
treatments 2-4 (“25x2”, “50”, “100”) were planted on April 26, 2017 and biotic earth 
(Biotic Earth BlackTM) was applied to enrich the soil and encourage germination. The 
Nebraska Department of Transportation (NDOT) conventional seed mix of grasses and 
wildflowers was planted at the same time on the rest of the slopes, around all plots, and 
for the entirety of treatment 1 “conventional” plots. The NDOT protocol for conventional 
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seeding uses 11 grass species that range from 0.3- 4 lbs of seed/acre and 11 forb species 
that range from 0.05-1 lbs of seed/acre (Appendix 3.A). The wildflower seed mix used in 
treatments 2-4 (“25x2”, “50”, and “100”) was selected by Jon Soper in collaboration with 
Nebraska Department of Transportation (NDOT) to include early through late season 
blooming forb species that range from 11.5 lbs of seed/acre (Table 3.1, Figure 3.4). Oats 
were planted in the spring and wheat in the fall at 14 lbs of seed/acre as cover crops 
providing soil stability.   
3.3.4 Site management 
Guidelines from “NDOT Roadside Vegetation Establishment and Management” 
document includes a regime for roadside managers to completely mow the backslopes 
every 4 or 5 years (dot.nebraska.gov, n.d.). The document highlights the importance of 
mowing time on wildflower seed dispersal and supporting pollinating organisms and 
states that mowing of foreslopes, ditches, and backslopes should not occur from May 1st- 
October 1st of any given year. All research plots were managed by our research team. 
Selective cutting of weedy forbs that were 5 ft tall or taller on all plots and still flowering 
occurred in late August 2017 to help prevent the weedy species from producing mature 
seed. Additionally, in April 2018, each plot was mowed with the help of Jon Soper 
(NDOT) with a small mower to help open the canopy and aid in wildflower 
establishment. 
3.3.5 Vegetation frequency of occurrence sampling 
Frequency of occurrence surveys on all vegetation, including non-blooming forbs 
and grasses, were carried out two times through the growing season in 2017 (in June and 
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September) and once during the 2018 (July) growing season. The frequency of 
occurrence of seeded species and volunteer species (not seeded) was estimated using a 
frequency rod. The rod, consisting of 22 five-centimeter segments, was randomly placed 
and sampled 15 times in each of the wildflower-only seeded and conventionally-seeded 
areas (Figure 3.5). At each sampling point, the number of segments containing forbs and 
grasses were counted and species identified. These surveys were carried out to determine 
how the establishment of wildflower islands impacted establishment of wildflowers and 
associated floral resources, and plant species composition and diversity of roadside 
grasslands. A 5% frequency of occurrence of an individual species was a minimum of 
one plant per linear meter (Jonathan Soper, personal communication). Volunteer forbs 
and grasses, not incorporated in seed mixtures, were not individually identified but were 
categorized as “weedy” forbs or grasses. In addition to the general vegetation occurrence 
assessment, forb surveys were conducted parallel to bee surveys to assess the abundance 
and richness of flowering plants in each plot (see below). 
3.3.6 Forb and bee surveys and data measures 
To survey blooming forbs and the bees visiting them, transects were conducted at 
each plot every two weeks from May through October in 2017 and 2018. Four mini-
transects (6m x 2m) randomly distributed across the length of the plot were used to 
collect foraging bees and identify their associated flowering plants per plot. All blooming 
flowers along transects were quantified by counting the number of inflorescences, or 
cluster of flowers on one or many stems, to determine forb abundance. Forbs were also 
identified to their lowest taxonomic rank (genera or species) to compare plant richness 
across treatments. Species of the flowers on which bees were foraging were identified 
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and recorded. We also attempted to collect all bees along transects during a 3-minute 
sampling period using a sweep net and collection vials. When a bee was caught, it was 
assigned a unique label that indicated which flower and plot it was associated with. If a 
bee was unable to be collected, a visual observation was made complete with floral 
association when possible. All bees that were unable to be identified to genus in the field 
were counted for abundance, while bees that were identified to genus were counted for 
bee richness. Bee abundance was measured by summing the total bees caught and visual 
counts of foraging bees per plot per collection. Bee richness was determined only be the 
bees physically caught and identified to the species or genus level.  
3.3.7 Bee Identification 
After collection, bees were immediately stored in -20°C freezer (General Electric 
Company, model: FCM7SUFWW) until processing. Specimens were thawed, dried, 
pinned, curated, and identified to genus or species using a number of taxonomic keys: 
Bees of the Tall Grass Prairie (Arduser 2018 edition) and Discover Life 
(discoverlife.org). Identifications were verified by bee taxonomist Michael Arduser 
(Missouri Department of Conservation) and voucher specimens representing each genus 
will be retained at the University of Nebraska State Museum Entomology Collection for 
reference. 
3.3.8 Trap nests 
Bee nest trapping is one way of assessing habitat suitability for some wild bees. 
Nest traps attract bees that nest above ground and are made with empty tubes or pithy 
stems or by drilling holes of varying sizes (diameter: 2.4-12.7mm, depth: 2.7cm) into 
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blocks of wood. Bundles of available nesting materials (roughly 15 hollow stems, 15 
paper tubes, and 1 wood block with 60 holes) were provided in each plot to assess nesting 
capacity and establishment preference across treatments (Figure 3.6). Trap nests were 
installed in early spring and collected before onset of winter. The total number of utilized 
holes in blocks, tubes, and stems were counted and the nesting material was categorized 
as: 1) mud-sand composite, 2) cut leaf or flower petals, 3) plant resins, and 4) shredded 
straw, or 5) unknown substrate. Often bees can be identified through the type of nesting 
substrate used to secure brood chambers. For example, leafcutting bees (Megachile sp.) 
may use cut leaves and petals while other bees, such as mason bees (Osmia sp.) and some 
wasps utilize a mud-sand composite (Cane et al, 2007). Stems packed with shredded 
straw or grass indicates wasp nesting (Latter, 2012) and were counted as such. In Fall, 
occupied nests were placed in emergence cages separated by plot in an unheated storage 
unit in Lincoln, NE to over-winter. Emergence cages were made from clear flat plastic 
containers (Sterilite, 12 Qt./11.4 L Storage Box) so light could enter and fitted with a white 
opaque lid. A hole was cut out of the lid and covered with 18x14 mesh fiberglass screen 
(Phifer Inc.) to provide airflow. A lamp with 3 LED Plant light bulbs (60W Equivalent, 
Walmart, Inc.) was placed near the emergence cages and set on a timer to turn on from 
0800 hours until 2000 hours each day with three 15-minute breaks, to prevent the bulbs 
from burnout. Emergence cages were placed in such a way that they were all exposed to 
the light. Temperatures were taken monthly during the winter through early spring of 
2018 to compare outside temperature with the internal storage room temperature. Outside 
temperatures from January to May 2018 ranged from 15F- 61F, while the storage unit 
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ranged from 36F- 63F. Outside relative humidity ranged from 27- 83%, while the storage 
unit ranged from 32-64% humidity.  
3.4 Statistical Analysis 
3.4.1 Vegetation frequency of occurrence data  
Plant communities were measured for all flowering and non-flowering vegetation 
in each plot. Frequency of occurrence of forbs and grasses were assessed and compared 
across treatment groups, sampling period, and block using three measures: 1) total seeded 
forbs, 2) total volunteer forbs, and 3) total grasses. Additionally, forbs for 2017 and 2018 
(pooled) were ranked to determine the top 10 most frequently detected forb species. An 
analysis of variance (ANOVA) was used to determine if planting treatment groups, 
sampling period, and block significantly influenced the establishment of seeded and 
unseeded volunteer forbs and grasses. Post hoc means separation tests were used when 
statistical significance was determined at alpha=0.05. Statistical analyses were performed 
using SPSS (version 25.0, SPSS Incorporated, Chicago, IL).   
3.4.2 Abundance and richness of forbs and bees 
All plots were seeded in 2016, and data were collected from early June to mid-
October in 2017 and mid-May to mid-October in 2018. Year was a significant single 
effect with no significant interaction effects with treatment for all measures, including 
forb abundance (F1,269=39.709, p=1.2e-9), forb richness (F1,238=28.383, p=2.31e-7), bee 
abundance (F1,269=25.298, p=8.99e-7), and bee richness (F1,144=13.207, p=3.87e-4); 
therefore, 2017 and 2018 data were separately analyzed. Forb and bee data collected from 
mini-transects were pooled together by plot on each collection date. Abundance and 
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richness data for plants and bees were compared among treatments (conventional, 25x2, 
50 and 100), seasons [early (May and June), middle (July and August), and late 
(September and October) each with 3-4 collection dates], replicated blocks, and their 
interaction effects. Data not normally distributed were log or square-root transformed and 
statistically analyzed using Analysis of Variance (ANOVA) statistical models followed 
by post-hoc Tukey's Honest Significant Difference (HSD) means separation tests. Three-
way interaction effects (treatment*season*block) were first assessed and models that 
showed no 3-way interaction were simplified to examine only 2-way interactions 
(treatment*season, treatment*block, season* block). Main effects of treatment, season, 
and block were reported where models yielded no interaction effects. Significance was 
determined at alpha = 0.05. Data analysis was completed using R statistical computing 
program (Version 1.1.463 – © 2009-2018 RStudio, Inc.). 
3.4.3 Trap nest occupancy and emergence 
To assess suitability of plots as bee habitat, trap nests were quantified for nest 
occupancy and compared among treatments and years. Emerged bees and wasps, or those 
individuals which overwintered and emerged within the emergence cages the following 
summer, were quantified and compared among treatments for 2017 only. Data were 
square root transformed for normality (Shapiro-Wilk W=0.959, p=0.273). Three trap 
occupancy response variables were used to determine statistical differences in trap nest 
occupancy across treatments and year using Analysis of Variance (ANOVA) statistical 
models followed by post-hoc Tukey's Honest Significant Difference (HSD) means 
separation tests. These response variables included total block occupancy (referring to 
holes that were utilized from wooden block nests), tube occupancy (referring to holes 
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utilized from tube nests including bamboo, paper, or phragmites), and total occupancy 
(sum of block and tube occupancy). Data analysis was completed using R statistical 
computing program (Version 1.1.463 – © 2009-2018 RStudio, Inc.). 
3.5 Results  
3.5.1 Vegetation frequency of occurrence  
According to overall frequency of occurrence scores summed over time and 
across all treatments, the top 10 seeded species of forbs were: 1) maxmillian sunflower, 
2) indian blanketflower, 3) partridge pea, 4) upright prairie coneflower, 5) blackeyed 
susan, 6) plains coreopsis, 7) butterfly milkweed, 8) blue flax, 9) purple prairie clover, 
and 10) common milkweed (Table 3.1). Plant frequency significantly increased over time 
from sampling collections 1 (June 2017), 2 (September 2017), and 3 (July 2018) in all 
three response variables. Response variables were placed in three categories 1) seeded 
forbs, 2)volunteer forbs, and 3)seeded or volunteer grasses. Frequency of occurrence for 
the category of seeded forbs differed among collection periods (F2,213 =24.92, p< 0.05) 
but not treatment (F3,214 =0.922, ns) or block (F3,214 =1.489, ns), or any interaction effects 
among the three variables. Mean (±SE) occurrence of seeded forbs category was lowest 
in collection period 1 and highest in period 3 (Figure 3.7). Mean (±SE) occurrence  of the 
volunteer forbs category  was significantly lower in collection period 1 and 2 and highest 
in period 3 (F2,166=32.734, p<0.05); and there was an interaction between collection 
period and block (F6,332 =2.432, p= 0.03) but no effect of treatment (F3,167=0.982, ns), 
block (F3,167=1.98, ns), and no interaction between treatment and block (F9,167=0.495, ns), 
or three way interactions (F18,332=0.496, ns) (Figure 3.7). Pairwise comparisons indicate 
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differences by collection period*block were only between blocks 1 vs 2 and 1 vs 4 in 
collection periods 2 and 3. The majority of the volunteer forbs, as listed in Table 3.1, 
consisted of plants known to be pollinator friendly (>70%), 30% of which were plants 
that bees were caught on in this study. Occurrence of grasses was highest in 100% 
wildflower treatments and twice the amount of all other treatments (Figure 3.7). There 
was a significant interaction between collection period and treatment (F3,181 =2.72, p-
value= 0.046). Pairwise comparisons indicate that the majority of differences were in 
collection period 1 between treatment 100 and all other treatments. Statistical differences 
found during collection periods 2 and 3 were between treatments 100 vs 25x2 and 100 vs 
50, respectively. Additionally, when forbs were ranked and treatments were compared by 
the top 10 seeded forb species, there were significant differences by collection date (F1,139 
=48.254 , p<0.05), but no statistical differences were observed across treatment (F3, 139 
=1.399, ns) indicating that the most frequently detected seeded forbs were distributed 
relatively evenly across treatments (Figure 3.7).  
3.5.2 Blooming forb abundance 
A total of 60 blooming forbs were identified during bee and forb surveys over the 
two years. Thirty-three of these forbs were volunteer species, while 27 species that 
established were from the wildflower seed mix. Of the 45 wildflowers that were in the 
wildflower only seed mix, 31 percent were found blooming in 2017, while 58 percent 
were blooming by 2018 (Table 3.1). Data were not normally distributed; therefore, the 
data were log transformed and showed no 3-way interaction (treatment*season*block) for 
2017 (F15,80=0.530 ns) or 2018 (F18,105=0.271 ns). Two-way interactions between 
treatment*season and treatment*block were not significant; however, season*block were 
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significant for 2017 (F5,110=3.02, p=0.0136) and 2018 (F6,138=2.544, p=0.0229). Pairwise 
comparison further revealed 2017 forb abundance data had no significant pairings within 
the same season or block. Therefore, only main effects of treatment, season, and block 
were considered (Table 3.2). In 2017, forb abundance was significantly higher in mid-
season (F2,110=18.58, p=1.12e-7) compared to early (p=2.48e-5) and late (p=6.7e-6) 
seasons (Figure 3.8) and block 2 was significantly more abundant than block 1 
(F3,110=0.530, p=0.0269) (Figure 3.9). Significant differences were also observed in forb 
abundance between treatments in 2017 (F3,110=3.992, p=0.00967) where 50% (p=0.066)  
and 100% (p=0.0066) treatments observed higher forb abundance than conventional 
plots, driven by the mid-season (Figure 3.9). In 2018, forb abundance showed significant 
interactions between season*block (F6,138=2.544, p=0.02285) but only in early season 
between blocks 1 & 2 (p=0.0201) and 1 & 4 (p=0.0209). There were no statistically 
significant differences observed in forb abundance across treatments (F3,138=1.525 ns) in 
2018 measures (Figures 3.8, 3.9).   
3.5.3 Blooming forb richness 
Forb richness was calculated by averaging the number of distinct species per 
collection per plot. Forb richness measures showed no 3-way interaction 
(treatment*season*block) for 2017 or 2018 (F9,60=0.311 ns and F18,100=0.419 ns, 
respectively). Data was not normally distributed therefore data was log transformed for 
2017 and square root transformed for 2018. No two-way interactions were significant in 
2017 or 2018 between treatment*season (F6,69=1.980 ns and F6,118=0.305 ns, respectively) 
, season*block (F6,69=1.422 ns and F6,118=1.646 ns, respectively), or treatment*block 
(F6,69=1.538 ns and F9,118=1.253 ns, respectively). Therefore, only main effects of 
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treatment, season, and block were considered (Table 3.2). Significant differences were 
observed in blooming forb richness in mid-season collections compared to early and late 
seasons in both years (F2,89=5.884, p=0.000693 and F2,139=41.595, p=6.95e-15, in 2017 
and 2018 respectively) (Figure 3.10). Blooming forb richness in mid-season collections 
was significantly greater than forb richness in early and late seasons both years. Block 1 
was significantly lower compared to blocks 2, 3, and 4 in both years as well (F3,89=4.602, 
p=.004845 and F3,139=12.727, p=2.13e-7, respectively) (Figures 3.11). Statistically 
significant differences were observed in forb richness among treatments where 
conventional treatments had lower unique forb species than compared to all other 
treatments (F3,89=5.884, p=0.001) in 2017, but not in 2018 (F3,139=0.439, ns). 
3.5.4 Bee community  
Over the two years (2017, 2018) a total of 510 bees across all research plots were 
identified to genus. These bees represented 25 different genera in 5 different bee families 
(Andrenidae, Apidae, Colletidae, Halictidae, and Megachilidae) (Figure 3.12, Table 3.3). 
Visual observations made up 248 bees, while 265 bees were vial collected and curated. In 
2017, 106 bees were collected, while 404 bees were collected in 2018. Nine unique 
genera were found in 2017 and 28 bee genera were found in 2018. Bees were found on 27 
different species of flowering plants (host plants). The five most common bee-visited 
plants in 2017 included Indian Blanketflower (Gaillardia sp.), Showy Partridge Pea 
(Chamaecrista faciculata), Plains Coreopsis (Coreopsis tinctoria), Mexican Hat 
Coneflower (Ratibida columnifera), and Blackeyed Susan (Rudbeckia hirta) (Table 3.4). 
The five most common bee visited plants in 2018 were: Maxmilian Sunflower 
(Helianthus maximiliani), Annual sunflower (Helianthus annuus), Indian Blanketflower 
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(Gaillardia sp.), Showy Partridge Pea (Chamaecrista faciculata), and Birds-foot Trefoil 
(Lotus corniculatus) (Table 3.4). 
3.5.5 Bee abundance  
Bee abundance (log transformed) showed no 3-way interaction 
(treatment*season*block) for 2017 (F15,80=0.482 ns) or 2018 (F18,105=0.385 ns). Two-way 
interactions were significant for 2017 between treatment*block (F9,101=2.008, p=0.0458) 
and season*block (F5,101=2.582, p=0.0306) and only between season*block in 2018 
(F6,123=3.903, p=0.00124) (Table 3.5). Similar to forb abundance data, pairwise 
comparisons of the 2017 bee abundance data showed conventional plots were 
significantly lower compared to all other treatments (Con:25x2(p=5.3e-4); 
Con:50(p=0.00683); Con:100(p=0.00842)) but only within block 2. In 2017 (mid-season) 
block 2 had significantly greater bee abundance than block 3 (p=0.049), and in late 
season block 2 had significantly higher bee abundance compared to all other replicate 
blocks (p<2.51e-4). Main effects of treatment (F3,101=6.846, p=3.03e-4) were only 
observed between conventional and all other treatments (25x2 p=0.00229); 50 
p=0.00123); 100 p=0.00279)) but not among other treatment pairings. Seasonal effects 
were also significantly different from each other (F2,101=5.42, p=0.0058) specifically 
when comparing early to mid (p=0.0099) and to late (p=0.0045) season measures. In 
2018, the interaction effect season*block was significant because of differences between 
blocks 2 and 3 in late season (p=0.0322) but there was not a main effect of block 
(F3,123=1.268, ns) (Figure 3.14). Further, season was a significant main effect 
(F2,123=8.85, p=2.4e-4) when comparing early to mid (p=7.19e-4) and to late (p=0.0016) 
  
72 
seasons. There were no statistical differences among treatments (F3,123=0.974, ns) (Figure 
3.13). 
3.5.6 Bee richness 
For 2017, data on bee richness, no three way or two-way interactions were found 
between any of the factors. Block did not have a significant main effect or interaction and 
was dropped as a factor to simplify the model. However, even with the reduced model 
there were no significant effects from season (F1,40=1.108, ns) or treatment (F3,40=0.115, 
ns). For 2018, there were no three-way interactions, and no two-way interactions. 
Therefore, only main effects were examined. No treatment (F3,98=1.056, ns) or block 
(F3,98=0.469, ns) effect were observed, but bee richness was significantly greater in late 
season (p=0.0363) compared to mid-season (F2,98=3.147, p=0.0474) collections (Figure 
3.15).  
3.5.7 Trap nest occupancy and emergence  
There were no significant interactions for treatment*year for block and tube nest 
occupancy measures; however, main effects of year was significantly different (Block 
nest: F1, 27 =5.004, p = .00778; Tube nests: F1, 27 =8.096, p = 0.00837) but not for 
treatment (Block nest: F3, 27 =0.154, ns; Tube nest: F3, 27 =0.208, ns). For total occupancy 
(block and tube nest occupancy were pooled) there was no significant interactions nor 
main effects differences among treatment (F3, 27 =0.224, ns) or year (F1, 27 =0.768, ns). 
However, substrates used in trap nests differed among treatments. For example, 
conventional and 25x2 treatments had higher occupancy by wasps that filled nests with 
straw (19%); whereas, 100% wildflower treatment trap nests exhibited fewer wasps (3%) 
and more leaf cutting (39%) and resin (11%) bees (Figure 3.16). Trap nest emergence 
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data were only recorded for one year (2017). Three distinct genera (Coelioxys, Heriades, 
Megachile) of bees emerged in late June 2018 that had overwintered from 2017 field 
season. All bee genera belonged to the family Megachilidae which includes leaf cutting, 
mason, and resin bees. Conventional treatment nests had the most wasps emerge followed 
by 50 and 100 treatments. The 25x2 had the lowest emergence of bees compared to all 
other treatments. And 100 treatment nests had the highest number of “field emerged” or 
preoccupied cells where bees had already developed and emerged in the field during the 
2017 growing season indicating higher nesting utilization and bee establishment in these 
plots (Figure 3.17) 
3.6 Discussion  
Vegetation occurrence and forb surveys indicate that plant communities were 
significantly more established and exhibited higher forb abundance and richness in 2018 
compared to 2017. This was as expected because plots were seeded in the spring of 2017 
and establishment of seeded native plants, especially perennials, is generally greater in 
the second year (The Xerces Society, 2019 ). Of the 46 species in the wildflower only 
seed mix, 25 (54%) were recorded in the vegetation occurrence surveys in 2017, four 
species (9%) were recorded in 2018 but not 2017, and 17 species (37%) were not found 
at all in the first two years of surveys (Table 3.1) Forb abundance and richness in all 
treatments was highest during mid-season for both years, but during mid-season average 
blooming forbs were 30% less abundant in 2017 than in 2018 (Figure 3.8). Additionally, 
there was a two-fold increase in floral richness from 32 unique flowering plants in 2017 
to 56 flowering plants in 2018. Although there were few significant treatment effects, 
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there was generally more species of forbs in 100% seeded plots and little differences 
between the 25x2 and 50% seeded plots, indicating that small patches (25x2 and 50) are 
comparable to 100% seeded plots despite containing 50% less wildflower seed. It is 
possible however, that smaller patches may lose forbs more quickly than 100% seeded 
plots as grasses encroach over time. However, future vegetation occurrence and forb 
surveys in these plots would be necessary to fully assess this. Further, strong seasonal 
effects for both 2017 and 2018 because of low forb presence in early and late season 
indicate improvements could be made on wildflower seed selection. Specifically, the 
addition of more spring and fall blooming plants to the seed mixture would boost and 
evenly distribute floral resources throughout the season to better support pollinators.  
Spring is a critical time for many species of bees to begin brood rearing which 
requires abundant and diverse sources of floral pollen. Fall is also a critical time for 
solitary bees as many males emerge and feed on nectar, and for social bees, like honey 
bees, that require ample honey stores to successfully survive the winter. In our study area, 
bees were generally more abundant in mid and late summer surveys. Nine unique bee 
genera were found in 2017 but this number increased 3-fold to a total of 28 bee genera in 
2018; however, there were no statistical differences in bee richness across treatments. 
The appearance of specialist bees in the second year after planting indicates that roadside 
habitat enhancements can host not only generalist bees but specialists, which tend to be 
more vulnerable to land use changes (Westrich, 1996). Some genera share foraging 
characteristics, like the specialist bee Psuedopanurgus (Heterosaurus group), a bee genus 
that is mostly Asteraceae specialists and was found only in the second year of sampling 
(2018). Specialist bees will forage on one specific species of flower or groups of similar 
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flowers, while generalist bees forage on a wide range of flowers from different taxonomic 
groups. Often, generalists adapt better to habitat disturbance due to their ability to use 
many different plants for food (Kearns & Inouye, 1997). A future direction of study 
would be to ask if roadsides can effectively attract and sustain specialist bee communities 
and quantify this.  
 Block effects and interactions with season and treatment in bee and forb 
measures were likely because of a myriad of environmental and cultural factors along the 
roadside including proximity to agricultural chemicals, mowing by adjacent landowners, 
major encroachment by weedy species, soil conditions, and grade or area of backslope. 
Specifically, plots in block 2 were near vegetative barriers which may have protected 
plots from negative impacts of agrochemicals and did not have major encroachment by 
weedy species which were particularly challenging to manage in 2017 as forbs began to 
establish. By the second year, we saw significantly more unique bee genera in the late 
season compared to all other seasons; however, overall, we saw no significant differences 
among treatments or blocks. This increase in bee richness in the late season of the second 
year may indicate that the roadside habitat is especially important in the late season for 
supporting diverse bee communities. It is likely that late in the season, there is a paucity 
of resources in the surrounding landscape, thus drawing in more bees to the roadside 
habitats.  
From this two-year study, we were able to show floral enhancements on roadsides 
did attract and promote bee communities in abundance and richness and followed 
increases in forb abundance and richness from 2017 to 2018 (increased 3-fold). Few 
differences were observed across treatments (25x2, 50, and 100); however, the effect of 
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patch size may become more apparent as plots mature and grasses encroach into plots.  
Because of the short-term nature of this project, we were not able to test how the 
wildflower establishment stood the test of time in the different treatments. Therefore, 
further studies can dive deeper into wildflower establishment amongst the different 
treatments five- and ten-years post-planting to determine the duration of floral patch 
establishment and their ability to attract and sustain bee communities. Additionally, 
roughly 50% of seeded forbs had not yet established during those two years, thus 
subsequent forb surveys may help refine seed mixtures to remove species that do not 
germinate or establish well. Furthermore, bees are active throughout early, late, and mid-
season, so adding more early season forbs into the seed mix can help attract and sustain 
early season bees, possibly sustaining a more diverse bee community overall. Even 
though the highest abundance and richness in blooming forbs was in the mid-season, bee 
richness was at its height in the late season of the second year. Because early and late 
season is crucial to attracting bees, it is important to boost the seed mix with either more 
abundant early and late blooming forbs or increase the diversity of early and late 
bloomers to ensure and optimize foraging resources for bees on these landscapes. In this 
study we did not see significant differences between 25x2, 50, and 100 treatments which 
could indicate that it may not be necessary to incur the extra expense of seeding large 
wildflower patches, but instead a small strip of the early and late season enhanced 
wildflower only seed mix could strike a balance between the economic investment of 
planting more wildflowers and providing adequate resources for pollinators. Overall, our 
results indicate that roadside habitat enhancement are attractive and effective for 
promoting bees and are in alignment with other studies (Hopwood, 2008; Wojcik & 
  
77 
Buchmann, 2012). Further, our study indicates conventional seeding mixtures 
(wildflowers and grasses seeded together) are not as effective in promoting bee 
abundance and richness as is seeding with 100% wildflower seed mixes. 
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3.6 Figures & Tables  
 
Figure 3.1. Diagram of the roadside environment depicting the location of a back slope 
(US DOT, 2019). 
 
 
Figure 3.2. Map of Nebraska depicting NDOT landscape regions. Our study site fall 
inside of region “B” which is highlighted in grey (NDOT, 2019).  
 
 
Figure 3.3. Plot design in each block. Each plot represents a different treatment type: 1) 
NDOT conventional seeding mix of wildflowers mixed with grasses (conventional), 2) 
two small wildflower only patches that each make up 25% of the plot (25x2), 3) one 
medium wildflower only patch that covers 50% of the plot continuously (50), and 4) one 
large wildflower only patch covering entire plot (100).  
 
 
General plot layout
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Figure 3.4. Top left: plots just after seeding; Top right: plot one month after seeding; 
bottom left: established 100% wildflowers plot in mid-season 2017; bottom right: 
established 100% wildflowers plot in mid-season 2018. 
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Figure 3.5. Left: Rod placed on seeded rows was used to count vegetation frequency of 
occurrence. Top right: clover seedling; bottom right: butterfly milkweed and blackeyed 
susan seedlings 
 
 
Figure 3.6. Trap nest tubes and block with 60 holes placed in the middle of each plot. 
Tubes and block were fastened to a post, so it was elevated approximately 5ft (1.5 
meters) from the ground.  
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Figure 3.7. The frequency of occurrence of seeded forbs, volunteer forbs, and grasses 
averaged over 3 collection periods and by treatment (seeding mix of wildflowers mixed 
with grasses (conventional), two small wildflower only patches that each make up 25% of 
the plot (25x2), one medium wildflower only patch that covers 50% of the plot 
continuously (50), one large wildflower only patch covering entire plot (100)) and by 
season (Early=May-June, Mid=Jul-Aug, Late= Sep-Oct). Different letters denote 
significant differences at alpha=0.05. 
 
 
Figure 3.8. The average number of blooming forbs across treatment (seeding mix of 
wildflowers mixed with grasses (conventional), two small wildflower only patches that 
each make up 25% of the plot (25x2), one medium wildflower only patch that covers 
50% of the plot continuously (50), or one large wildflower only patch covering entire plot 
(100)) and by season (Early=May-June, Mid=Jul-Aug, Late= Sep-Oct) for each year 
(2017 & 2018). Different letters denote significant differences at alpha<0.05 within each 
season. Results indicate significant differences in forb abundance between treatments 
(F3,110=3.992, p=0.00967) and lower forb abundance was found in the conventional 
treatment when compared to the 50% (p=0.066) and 100% (p=0.0066) seeded treatment 
plots. Additionally, forb abundance was significantly higher in mid-season (F2,110=18.58, 
p=1.12e-7) compared to early (p=2.48e-5) and late (p=6.7e-6) seasons. 
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Fig. 3.9. Box and whisker plots of blooming forbs by block for each year. The median is 
depicted by the black line, while the lower and upper 25% quartiles make up the box and 
the whiskers extending from the box depict maximum and minimum abundance values. 
In 2018, forb abundance showed significant interactions between season*block 
(F6,138=2.544, p=0.02285) but only in early season between blocks 1 & 2 (p=0.0201) and 
1 & 4 (p=0.0209) 
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Figure 3.10 The average number of unique blooming forbs across treatment (seeding mix 
of wildflowers mixed with grasses (conventional), two small wildflower only patches that 
each make up 25% of the plot (25x2), one medium wildflower only patch that covers 
50% of the plot continuously (50), or one large wildflower only patch covering entire plot 
(100)) and by season (Early=May-June, Mid=Jul-Aug, Late= Sep-Oct) for each year 
(2017 & 2018). Significantly more unique forbs were observed in mid-season collections 
compared to early and late seasons in 2017 and 2018 (F2,89=5.884, p=0.000693 and 
F2,139=41.595, p=6.95e-15, respectively). Statistically fewer unique forbs were found in 
conventional treatments compared to all other treatments (F3,89=5.884, p=0.001) in 2017, 
but not in 2018 (F3,139=0.439 ns). 
 
 
  
86 
 
 
Figure 3.11. Box and whisker plots of unique blooming forbs by block for each year. The 
median is depicted by the black line, while the lower and upper 25% quartiles make up 
the box and the whiskers extending from the box depict maximum and minimum number 
of unique forb species. Block 1 was significantly lower compared to blocks 2, 3, and 4 in 
both years (F3,89=4.602, p=.004845 and F3,139=12.727, p=2.13e-7, respectively). 
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Figure 3.12. The percent of bees (n=510) separated by family found across all treatments 
for each year (2017, 2018). 
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Figure 3.13. The average number of bees across treatment (seeding mix of wildflowers 
mixed with grasses (conventional), two small wildflower only patches that each make up 
25% of the plot (25x2), one medium wildflower only patch that covers 50% of the plot 
continuously (50), or one large wildflower only patch covering entire plot (100)) and by 
season (Early=May-June, Mid=Jul-Aug, Late= Sep-Oct) for each year (2017 & 2018). 
2017 Results indicate conventional treatment (F3,101=6.846, p=3.03e-4) had lower bee 
abundance compared to all other treatments (25x2 ((1.4±3.3) p=0.00229); 50 ((1.4 ±3.1) 
p=0.00123); 100 ((1.2 ±2.1) p=0.00279)). Seasonal effects were also significant different 
from each other for both years (F2,101=5.42, p=0.0058) where early had significantly 
lower bee abundance than mid (p=0.0099) and late (p=0.0045) season measures. While 
100% seeded treatments generally had higher bee abundance in mid- and late season 
measures there was no statistical differences were observed across treatments in 2018 
(F3,123=0.974, ns). 
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Figure 3.14. Box and whisker plots number of bees by block for each year. The median is 
depicted by the black line, while the lower and upper 25% quartiles make up the box and 
the whiskers extending from the box depict maximum and minimum. In 2018, the 
interaction effect season*block was significant because of differences between block 2 & 
3 in late season (p=0.0322) but there was not a main effect of block (F3,123=1.268, ns). In 
2017 (mid-season) block 2 had significantly greater bee abundance than block 3 
(p=0.049), and in late season block 2 had significantly higher bee abundance compared to 
all other replicate blocks (p<2.51e-4). 
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Figure 3.15. The average number of unique bee genera across treatment (seeding 
mix of wildflowers mixed with grasses (conventional), two small wildflower only 
patches that each make up 25% of the plot (25x2), one medium wildflower only 
patch that covers 50% of the plot continuously (50), or one large wildflower only 
patch covering entire plot (100)) and by season (Early=May-June, Mid=Jul-Aug, 
Late= Sep-Oct) for each year (2017 & 2018). 2017 Results indicate no significant 
effects from season (F1,40=1.108, ns) or treatment (F3,40=0.115, ns). For 2018 no 
treatment (F3,98=1.056, ns) effect was observed but mid-season (F2,98=3.147, 
p=0.0474) showed significantly lower bee number of unique bee genera in 
compared late season (p=0.0363) collections. 
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Figure 3.16 Average trap nest occupancy by trap nest type (tubes and blocks) and 
material (cut leaf or flower, mud composite, resin, straw, unknown) by treatment (seeding 
mix of wildflowers mixed with grasses (conventional), two small wildflower only patches 
that each make up 25% of the plot (25x2), one medium wildflower only patch that covers 
50% of the plot continuously (50), or one large wildflower only patch covering entire plot 
(100)) and year (2017, 2018). Results show 2017 had significantly more occupied blocks 
and tubes than 2018 (occupied block nests: F1, 27 =5.004, p = .00778; Occupied tube 
nests: F1, 27 =8.096, p = 0.00837). No significant difference found across treatment 
(Occupied block nests: F3, 27 =0.154, p = 0.927; Occupied tube nests: F3, 27 =0.208, p = 
0.890).  
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Figure 3.17. Average nest emergence for bees and wasps from 2017 trap nests by 
treatment. No significance was found among bee or wasp emergence compared across 
treatments (bees: F3, 12 =1.33, p = 0.31; wasps: F3, 12 =2.43, p = 0.116). All bees that 
emerged were identified to genus; wasps were categorized together. Parasitized, 
damaged, or destroyed cells from Megachile nests were counted from tube nests 
(indicating predation, parasitism, or disease) and tubes or block holes that had emergence 
holes prior to storage and had emerged during the 2017 field season before the onset of 
winter were categorized as “field-emerged.”  
 
Table 3.1. Inventory of plants found vegetation frequency of occurrence surveys in all 
plots categorized by plant type (forb or grass), bloom phenology, whether the plant was 
in the conventional or wildflower seed mix or a volunteer species, and which year(s) it 
was present (2017, 2018).  
Plant species Common name 
Plant 
Type 
Bloom 
time** 
Conventional 
mix 
Wildflower 
mix 
Volunteer 
species 2017 2018 
Andropogon 
gerardii Big bluestem grass   X     X X 
Elymus 
canadensis 
Canada 
wildrye grass   X       X 
Sorghastrum 
nutans Indiangrass grass   X     X X 
Schizachyrium 
scoparium 
Little 
bluestem grass   X     X X 
Avena sativa Oats* grass   X     X X 
0
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6
8
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12
2017 2017 2017 2017
Conventional 25x2 50 100
Av
g
Treatment
2017 Trap Nest Emergence
Lab-emerged bees
Lab-emerged wasps
Field-emerged
Parasitized, damaged or
destroyed brood cells
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Spartina 
pectinata 
Prairie 
cordgrass grass   X     
    
Sporobolus 
cryptandrus 
Sand 
dropseed grass   X         
Bouteloua 
curtipendula 
Sideoats 
grama grass   X     X X 
Elymus 
trachycaulus  
Slender 
wheatgrass grass   X     X X 
Panicum 
virgatum Switchgrass grass   X     X X 
Pascopyrum 
smithii 
Western 
wheatgrass grass   X     X X 
Triticum Wheat* grass   X         
Melilotus 
officinalis 
Yellow sweet 
clover forb 
Early, 
Mid, 
Late 
    X X X 
Helianthus 
annuus 
Annual 
sunflower forb 
Mid, 
Late   
  X X X 
Rudbeckia hirta  Blackeyed susan forb Early   X   X X 
Linum lewisii Blue flax forb Mid X X   X X 
Verbena hastata Blue vervain forb Mid    X   X X 
Baptisia 
australis 
Blue wild 
indigo forb Early   X       
Asclepias 
tuberosa 
Butterfly 
milkweed forb Mid X X   X X 
Solidago 
canadensis 
Canada 
goldenrod forb Mid   X   X X 
Astragalus 
canadensis 
Canada 
milkvetch forb Mid   X   
  
X 
Desmodium 
canadense 
Canada 
tickclover forb Mid   X   X X 
Asclepias syriaca Common milkweed forb Mid   X   X X 
Silphium 
laciniatum 
Compass 
plant forb Late   X       
Heliopsis 
helianthoides 
False 
sunflower forb Mid   X     
X 
Zizia sp. Golden alexander forb Early   X   X 
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Ratibida pinnata Grayhead coneflower forb Mid X X   X X 
Symphyotrichum 
ericoides Heath aster forb Late   X   
    
Desmanthus 
illinoensis 
Illinois 
bundleflower forb Mid   X   X X 
Gaillardia sp. Indian blanketflower forb Early   X   X X 
Amorpha 
canescens Leadplant forb Mid   X   
    
Helianthus 
maximiliani 
Maximillian 
sunflower forb Late X X   X X 
Ratibida 
columnifera, red 
Mexican 
redhat forb Mid X X   X X 
Solidago 
missouriensis 
Missouri 
goldenrod forb Mid   X   
    
Symphyotrichum 
novae-angliae 
New england 
aster forb Late   X   X 
  
Ceanothus 
americanus 
New jersey 
tea forb Late   X   
    
Echinacea 
pallida 
Pale purple 
coneflower forb Mid X X   X X 
Salvia azurea Pitcher sage forb Late   X   
    
Coreopsis 
tinctoria 
Plains 
coreopsis forb Mid   X   X X 
Drymocallis 
arguta 
Prairie 
cinquefoil forb Mid   X     
X 
Echinacea 
purpurea 
Purple 
coneflower forb Mid   X   
  
X 
Dalea purpurea Purple prairie clover forb Mid   X   X X 
Eryngium 
yuccifolium 
Rattle-snake 
Master forb Late   X   
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Cleome 
serrulata 
Rocky 
mountian 
bee plant 
forb Mid   X   X X 
Silphium 
integrefolium Rosen weed forb 
Mid, 
Late   X     X 
Lespedeza 
capitata 
Roundhead 
lespedeza forb Late   X   X X 
Penstemon 
grandiflorus  
Shell-leaf 
Penstemon forb Early   X     
X 
Chamaecrista 
fasciculata 
Showy 
partridge-pea forb Mid X X   X X 
Symphyotrichum 
laeve 
Smooth blue 
aster forb Late   X   
  
X 
Tradescantia Spiderwort forb Late   X   
    
Oligoneuron 
rigidum 
Stiff 
goldenrod forb Late   X   
    
Helianthus 
pauciflorus 
Stiff 
sunflower forb Late   X       
Liatris spicata Thickspike blazing star forb Late X X   
    
Ratibida 
columnifera 
Upright 
prairie 
coneflower 
forb Mid   X   X X 
Vernonia 
baldwinii 
Western 
ironweed forb Mid   X   X 
  
Achillea 
millefolium 
Western 
yarrow forb Early   X   X X 
Baptisia lactea White false indigo forb Early   X       
Dalea candida White prairieclover forb Mid   X   X   
Monarda 
fistulosa 
Wild 
bergamont forb Mid   X   
  
X 
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Rosa acicularis Wild rose forb Early   X   
    
Medicago sativa Alfalfa forb Mid     X 
  
X 
Convolvulus 
arvensis Bindweed forb 
Early, 
Mid, 
Late 
    X X X 
Lotus 
corniculatus 
Bird'sfoot 
trefoil forb 
Early, 
Mid, 
Late 
    X X X 
Medicago 
lupulina Black medic forb 
Early, 
Mid, 
Late 
    X 
  
X 
Solanum 
rostratum Buffalo burr forb 
Early, 
Mid, 
Late 
    X 
  
X 
Nepeta cataria Catnip forb 
Early, 
Mid, 
Late 
    X 
  
X 
Chichorium 
intybus Chicory forb 
Early, 
Mid, 
Late 
    X X X 
Glechoma 
hederacea 
Creeping 
charlie forb Early     X 
  
X 
Securigera varia Crown vetch forb 
Early, 
Mid, 
Late 
    X X X 
Erigeron annuus Daisy fleabane forb 
Early, 
Mid, 
Late 
    X X X 
Hesperis 
matronalis Dames rocket forb Early     X X X 
Taraxacum 
officionales Dandelion forb 
Early, 
Late     X 
  
X 
Thlaspi arvense Field pennycress forb Early     X X X 
Guara sp. Guara forb 
Early, 
Mid, 
Late 
    X X X 
Vicia villosa Hairy vetch forb 
Early, 
Mid, 
Late 
    X X X 
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Verbascum sp. Mullein forb Mid     X 
  
X 
Trifolium 
pratense Red clover forb 
Early, 
Mid, 
Late 
    X X X 
Festuca 
arundinacea Tall fescue grass 
Early, 
Mid     X X   
Croton texensis Texas croton forb 
Early, 
Mid, 
Late 
    X 
  
X 
Prunus 
americana Wild plum shrub Early     X X   
Oxalis sp. Wood sorrel forb 
Early, 
Mid, 
Late 
    X 
  
X 
 
 
Table 3.2 ANOVA table showing forb abundance and richness response variables 
compared across main effects (treatment, season, block) and interaction effects 
(season:block) for years 2017 and 2018.  
2017 Forb Abundance Df Sum Sq Mean Sq F value P value   
  treatment 3 33.2 11.07 3.992 0.00967 ** 
  season 2 103 51.5 18.575 1.12E-07 *** 
  block 3 26.43 8.81 3.177 0.02696 * 
  season:block 5 41.89 8.38 3.021 0.01356 * 
  Residuals 110 304.98 2.77     
          
2018 Forb Abundance Df Sum Sq Mean Sq F value P value   
  treatment 3 11.5 3.85 1.525 0.210895   
  season 2 180.4 90.21 35.741 3.11E-13 *** 
  block 3 43.9 14.62 5.793 0.000926 *** 
  season:block 6 38.5 6.42 2.544 0.02285 * 
  Residuals 138 348.3 2.52     
          
2017 Forb Richness Df Sum Sq Mean Sq F value P value   
  treatment 3 3.398 1.1328 5.884 1.04E-03 ** 
  season 2 3.043 1.5215 7.903 6.93E-04 *** 
  block 3 2.658 0.8861 4.602 4.85E-03 ** 
  Residuals 89 17.135 0.1925     
          
2018 Forb Richness Df Sum Sq Mean Sq F value P value   
  season 2 25.36 12.678 41.595 6.90E-15 *** 
  block 3 11.64 3.879 12.727 2.13E-07 *** 
  treatment 3 0.4 0.134 0.439 0.725   
  Residuals 139 42.37 0.305     
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  Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1     
                
 
 
Table 3.3. Pollinator-plant interaction inventory from both years of the study (2017 & 
2018). Bees identified to genus listed with the plant they were found on (host plant) along 
with years found and treatments found on. 
Bee Family Bee Genus Host Plants (common name) Year Season Treatment 
Apidae Apis Birdsfoot trefoil 2018 early, mid, late C, 25x2, 50, 100 
  Indian blanketflower    
  Maxmillian sunflower    
  Partridge pea    
Apidae Bombus Annual sunflower 2017, 2018 early, mid, late C, 25x2, 50, 100 
  Birdsfoot trefoil    
  Blackeyed Susan    
  Hairy vetch    
  Indian blanketflower    
  Mexican hat coneflower    
  Maxmillian sunflower    
  New Jersey Aster    
  Off flower    
  Partridge pea    
  Purple prairie clover    
  Red clover    
  Unidentified mint    
      
Apidae Ceratina Indian blanketflower 2018 early, mid  25x2, 50, 100 
Apidae Eucera Hairy vetch 2018 early  25x2  
Apidae Holcopasites Daisy fleabane 2018 early  50 
Apidae Nomada Indian blanketflower 2018 early  50 
Apidae Melissodes Annual sunflower 2017, 2018 early*, mid, late C, 25x2, 50, 100 
  Birdsfoot trefoil    
  Indian blanketflower    
  Marestail    
  Mexican hat coneflower    
  Maxmillian sunflower    
  Partridge pea    
  Purple coneflower    
  Unidentified aster    
  Unidentified mint    
Apidae Svastra Annual sunflower 2018 early*, mid, late C, 50, 100 
  Indian blanketflower    
  Mexican hat coneflower    
  Partridge pea    
Apidae Tripeolous Annual sunflower 2018 early*, mid, late C, 25x2, 50, 100 
  Indian blanketflower    
  Mexican hat coneflower    
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  Maxmillian sunflower    
  New Jersey Aster    
  Off flower    
  Partridge pea    
  Plains coreopsis    
  Rosen weed    
  Annual sunflower    
Apidae Xylocopa Off flower 2018 early 50 
Andrenidae Andrena Annual sunflower 2018 mid, late 25x2, 50  
  Maxmillian sunflower    
Andrenidae Protandrena Off flower 2018 mid 100 
Andrenidae Pseudopanurgus Indian blanketflower 2018 early, late C, 25x2, 50 
  Mexican hat coneflower    
  Maxmillian sunflower    
  Plains coreopsis    
Colletidae Hylaeus Daisy fleabane 2018 early, mid, late C, 25x2, 50, 100 
Halictidae Agapostemon Annual sunflower 2017, 2018 mid, late C, 25x2, 50, 100 
  Birdsfoot trefoil    
  Indian blanketflower    
  Mexican hat coneflower    
  Maxmillian sunflower    
Halictidae Augochlora Maxmillian sunflower 2018 late 25x2, 50  
Halictidae Augochlorella Blue flax 2017, 2018 early, mid, late C, 25x2, 50, 100 
  Butterfly milkweed    
  Dandelion    
  Indian blanketflower    
  Mexican hat coneflower    
  Off flower    
  Partridge pea    
Halictidae Augochloropsis Indian blanketflower 2018 mid, late C, 25x2, 50, 100 
  New Jersey Aster    
  Partridge pea    
  Unidentified aster    
  New Jersey Aster    
Halictidae Dieunomia Annual sunflower 2018 late C 
Halictidae Halictus Maxmillian sunflower 2017, 2018 early, mid, late C, 25x2, 50, 100 
Halictidae Lasioglossum Blackeyed Susan 2017, 2018 early, mid, late C, 25x2, 50, 100 
  Butterfly milkweed    
  Daisy fleabane    
  Helianthus spp.    
  Indian blanketflower    
  Mexican hat coneflower    
  Maxmillian sunflower    
  Off flower    
  Partridge pea    
  Plains coreopsis    
  Red clover    
  Rocky mt. bee plant    
Halictidae Sphecodes Plains coreopsis 2018 early 50 
Megachilidae Coelioxis Blackeyed Susan 2018 mid, late C, 25x2  
  Off flower    
  Annual sunflower    
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  Blackeyed Susan    
  Daisy fleabane    
  Indian blanketflower    
  Mexican hat coneflower    
  Off flower    
  Partridge pea    
  Plains coreopsis    
  Rocky mt. bee plant    
  Smartweed    
  Unidentified thistle    
Megachilidae Heriades Maxmillian sunflower 2018 early, mid, late C, 100 
  Plains coreopsis    
  Wild lettuce    
  Rocky mt. bee plant    
  Goldenrod    
Megachilidae Megachile  Annual sunflower 2017, 2018 early, mid, late C, 25x2, 50, 100 
  Birdsfoot trefoil    
  Birdsfoot trefoil    
  Blackeyed Susan    
  Butterfly milkweed    
  False sunflower    
  Hairy vetch    
  Indian blanketflower    
  Marestail    
  Mexican hat coneflower    
  Maxmillian sunflower    
  Maxmillian sunflower    
  Off flower    
  Partridge pea    
  Plains coreopsis    
  Purple coneflower    
  Smartweed    
  Off flower    
  Partridge pea    
    
* single 
occurrence in 
this season  
 
 
Table 3.4. Top 5 bee-visited forbs in 2017 and 2018 
Top 5 Bee-visited Forbs 2017 
Forb Common name Forb Scientific Name 
Number of 
Bees  
Indian blanketflower Gaillardia sp. 42 
Showy partridge pea 
Chamaecrista 
fasciculata 19 
Plains coreopsis Coreopsis tinctoria 13 
Mexican hat coneflower Ratibida columnifera 12 
Blackeyed Susan Rudbeckia hirta  7 
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Top 5 Bee-visited Forbs 2018 
Forb Common Name Forb Scientific Name 
Number of 
Bees  
Maxmillian sunflower Helianthus maximiliani 93 
Annual sunflower Helianthus annuus 55 
Indian blanketflower Gaillardia sp. 53 
Showy partridge pea 
Chamaecrista 
fasciculata 50 
Birds-foot Trefoil Lotus corniculatus 21 
 
 
Table 3.5. ANOVA table showing forb abundance and richness response variables 
compared across main effects (treatment, season, block) and interaction effects 
(season:block and treatment:block) for years 2017 and 2018. 
2017 Bee Abundance Df Sum Sq Mean Sq F value P value   
  treatment 3 4.771 1.5903 6.846 0.000303 *** 
  season 2 2.516 1.2579 5.415 0.005834 ** 
  block 3 9.437 3.1455 13.542 1.71E-07 *** 
  season:block 5 2.999 0.5998 2.582 0.030558 * 
  treatment:block 9 4.198 0.4664 2.008 0.045848 * 
  Residuals 101 23.461 0.2323     
          
2018 Bee Abundance Df Sum Sq Mean Sq F value P value   
  treatment 3 2.92 0.974 1.678 0.174653   
  season 2 10.28 5.139 8.85 0.000242 *** 
  block 3 2.21 0.736 1.268 0.287936   
  season:block 6 13.6 2.267 3.903 0.001242 ** 
  Residuals 138 80.14 0.581     
          
2017 Bee Richness Df Sum Sq Mean Sq F value P value   
  treatment 3 0.0254 0.00846 0.115 0.951   
  season 1 0.0814 0.08136 1.108 0.299   
  residuals 40 2.9377 0.07344     
          
2018 Bee Richness Df Sum Sq Mean Sq F value P value   
  treatment 3 0.51 0.1701 1.056 0.3716   
  season 2 1.014 0.5069 3.147 0.0474 * 
  block 3 0.227 0.0756 0.469 0.7043   
  residuals 98 15.785 0.1611     
          
  Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1     
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APPENDIX 2.A. COPY OF 2017 CONVENTIONAL SEED MIX (TYPE “A") FROM 
NEBRASA DEPARTMENT OF TRANSPORTATION (NDOT) 
Type “A” 
Minimum 
Purity 
Approved 
Mechanical Drill 
Application Rate 
in lb. of Pure Live 
Seed/Acre 
Canada wildrye – NE or IA native, Mandan 85 4 
Slender wheatgrass 85 3 
Western wheatgrass – Barton, Flintlock 85 3 
Switchgrass – Trailblazer, Blackwell, 
                               Cave-in Rock, Pathfinder 
90 0.75 
Indiangrass – Oto, NE-54, Holt 75 2 
Little bluestem – Aldous, Blaze, Camper 60 2.5 
Big bluestem – Pawnee, Roundtree, Bonanza 60 2.5 
Sideoats grama – Butte, Trailway 75 3 
Sand dropseed (Sporobolus cryptandrus) 85 0.3 
Prairie cordgrass (Spartina pectinata) 85 0.5 
Partridge pea – Platte, inoculated 90 0.05 
Purple prairie clover – Kaneb, inoculated 90 0.2 
Grayhead prairie coneflower  
                                 (Ratibida pinnata) 
90 0.25 
Butterfly milkweed (Asclepias tuberosa) 75 0.3 
Common milkweed (Asclepias syriaca) 75 0.2 
Mexican red hat (Ratibida columnifera, red) 90 0.25 
Pale purple coneflower (Echinacea pallida) 85 0.3 
Blue flax (Linum lewisii) 90 1 
Maximilian sunflower  
                               (Helianthus maximiliani) 
85 0.25 
Spiked gayfeather (Liatris spicata) 90 0.2 
Plains coreopsis (Coreopsis tinctoria) 85 0.2 
Oats/wheat* 90 14 
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APPENDIX 2.B. COPY OF 2017 WILDFLOWER ONLY SEED MIX FROM NDOT 
Standard Specifications is amended to include the following: 
 
Type 
Minimum 
Purity 
 
Broadcast 
Application Rate 
in lb. of Pure Live 
Seed/Acre 
Approved 
Mechanical Drill 
Application Rate 
in lb. of Pure Live 
Seed/Acre 
Blackeyed Susan (Rudbeckia hirta) 85  0.3 
Blanket flower (Gailardia pulchella) 85  1 
Blue flax (Linum lewisii) 85  1 
Blue vervain (Verbena hastata) 75  0.1 
Blue wild indigo (Baptisia australis) 60  0.25 
Butterfly milkweed (Asclepias tuberosa) 75  0.2 
Canada goldenrod (Solidago canadensis) 85  0.1 
Canada milkvetch (Astragalus canadensis) 75  0.1 
Canada tick clover (Desmodium canadense) 90  0.3 
Common milkweed (Asclepias syriaca) 75  0.3 
Compass plant (Silphium laciniatum) 75  0.4 
False sunflower (Heliopsis helianthoides) 75  0.1 
Golden alexander (Zizia aurea) 75  0.2 
Grayhead coneflower (Ratibida pinnata) 85  0.1 
Heath aster (Aster ericoides) 75  0.02 
Illinois bundleflower 
                         (Desmanthus illinoensis) 
90  0.3 
Leadplant (Amorpha canescens) 85  0.1 
Maximilian sunflower 
                          (Helianthus maximiliani) 
85  0.25 
Mexican red hat (Ratibida columnifera, red) 85  0.75 
Missouri goldenrod (Solidago missouriensis) 75  0.1 
New England aster (Aster novae-angliae) 85  0.2 
New Jersey tea (Ceanothus americanus) 75  0.15 
Pale purple coneflower (Echinacea pallida) 75  0.25 
Pitcher sage (Salvia azurea) 75  0.3 
Plains coreopsis (Coreopsis tinctoria) 85  0.1 
Prairie cinquefoil (Potentilla arguta) 60  0.03 
Black Samson (Echinacea angustifolia) 85  0.25 
Purple prairie clover (Dalea purpurea) 85  0.5 
 
Rattlesnake master (Eryngium yuccifolium) 75  0.1 
Rocky Mountain bee plant 
                                  (Cleome serrulata) 
85  0.4 
Rough blazing star/gayfeather 
                                    (Liatris aspera) 
75  0.1 
  
104 
Roundhead lespedeza 
                                (Lespedeza capitata) 
75  0.1 
Shell-leaf penstemon 
                            (Penstemon grandiflorus) 
85  0.15 
Showy partridge pea  
                         (Chamaecrista fasciculata) 
90  0.2 
Smooth blue aster (Aster laevis) 85  0.02 
Spiderwort (Tradescantia bracteata) 75  0.25 
Stiff goldenrod (Solidago rigida) 75  0.1 
Stiff sunflower (Helianthus pauciflorus) 75  0.1 
Thickspike blazing star/gayfeather 
                           (Liatris pycnostachya) 
85  0.15 
Upright prairie coneflower 
                                (Ratibida columnifera) 
85  0.5 
Western ironweed (Vernonia baldwinii) 85  0.2 
Western yarrow (Achillea millefolium) 75  0.2 
White false indigo (Baptisia bracteata) 75  0.2 
White prairie clover (Dala candida) 85  0.5 
Wild bergamot (Monarda fistulosa) 75  0.1 
Wild rose (Rosa arkansana) 65  0.4 
Oats/wheat* 90  10 
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CHAPTER 4 
AN OVERVIEW OF POLLINATOR HABITAT PROGRAMS AVAILABLE TO 
LAND MANAGERS IN NEBRASKA: A NEBGUIDE 
Land managers are the decision makers for private property or public federal, 
state, county, municipal, and tribal lands and thus can make a big difference in 
safeguarding natural landscapes and protecting Nebraska’s pollinators. This Nebguide is 
intended to overview the importance of protecting Nebraska’s pollinators and describe 
pollinator habitat programs available to land managers in the state. 
Keywords: pollinator, habitat, wildlife conservation, land managers, public land 
4.1 Why Should Nebraskans Care About Pollinators? 
Wild and managed pollinators provide important services to our state. Specialty 
agricultural crops grown in Nebraska such as alfalfa, vetch, sweet clover, sunflower, and 
other seed crops depend on insect pollination. Many fruits and vegetables found at local 
farmers’ markets benefit from pollination, including watermelons, cucumbers, 
cantaloupe, pumpkins, apples, cherries, and pears. Even dairy cows depend on pollinators 
because they are fed nutritious legumes, such as alfalfa and clovers, which require 
pollination by insects. Managed honey bees contribute to Nebraska’s economy via 
pollination services as well as honey production. Beyond agriculture, wild pollinators are 
critical for the persistence of Nebraska's prairies and other grasslands utilized for cattle 
production because they pollinate native plants that shape and stabilize the landscape.  
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4.2 Who are Nebraska’s Insect Pollinators? 
Nebraska is home to a diversity of pollinating insects including beetles, 
butterflies, moths, flies, ants, wasps, and bees. Though it has not been fully measured, 
scientists estimate that Nebraska is home to some 30,000 different species of insects, 
including an estimated 500 bee species, over 200 butterflies, and a multitude of other 
pollinating species. Pollinators transport pollen from one flower to another, enabling the 
plant to set seed or fruit. Bees are perfect pollinators because pollen grains stick to their 
hairy bodies (Figure 4.1b). Most bees have either pollen collecting “baskets” or 
specialized hairs on their hind legs or under their abdomen. Bees can be generalists, 
collecting pollen from a variety of flowers, or specialists, only feeding on a single plant 
family or species. Other adult insects (beetles, butterflies, moths, flies, wasps, and ants) 
also aid in pollination because of their close relationship with flowers. Different species 
of bees foraging on different plants help maintain diverse plant communities that develop 
complex root systems which promote soil health and water conservation. Thus, 
maintaining diverse communities of pollinators within our diminishing or fragmented 
natural landscape is vital for ensuring the long-term sustainability and resilience of our 
ecosystem.  
4.3 Pollinator Conservation in Nebraska 
Land use changes and human demands over the past 50 to 100 years has reduced 
natural habitats for pollinators and other wildlife. Nebraska has an ecologically diverse 
landscape with about 50% of the surface area covered by tall, short, and mixed grass 
prairies as well as the Sandhills. However, United States prairies are declining, the 
principal concern is the rapid rate of increase of invasive species (e.g., smooth brome 
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grass and eastern red cedar) in grasslands and the related decrease in plant diversity, 
especially the decline of wildflower density; therefore, grasslands have become priority 
areas for conservation. Pollinators are threatened by myriad factors and are declining 
along with their habitat. Nebraska Natural Legacy Project has identified 18 at-risk 
pollinators needing special protection efforts in our state. These at-risk species include 8 
butterflies, 2 moths and 8 species of bumble bee (Table 4.1). The Nebraska Monarch and 
Pollinator Conservation Plan, written in 2017 by Nebraska Game and Parks Commission 
along with a team of stakeholders, spells out action steps that the state must take to 
protect our pollinators. These actions include increasing habitat for pollinators, planting 
millions of milkweed plants, the host plant for developing Monarch larvae, within high 
diversity native wildflower plots which provide ample nectar or energy sources for adult 
butterflies, and engaging public and private stakeholders in these efforts. Creating 
pollinator habitats, small or large, is a critical step that landowners and land managers 
alike can take to achieve Nebraska’s conservation goals. 
4.4 Pollinator Habitat Requirements 
While each pollinator species has unique habitat requirements, all pollinators 
require abundant and diverse nectar and pollen sources throughout the growing season 
(from early spring to late fall). This point cannot be stressed enough because pollen is 
used throughout the season by bees as protein for brood rearing and nectar is utilized by 
both bees and butterflies as an energy source. In order to provide good habitat for our 
pollinators, a diverse array of wildflowers blooming from early spring until late fall is 
required. Without this crucial component, only some habitat is provided for a few 
pollinators, instead of high-quality habitat for a diversity of pollinators. Pollinator habitat 
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also requires access to water, nesting substrate, host plants for laying eggs, and protection 
from chemicals including insecticides, miticides, and herbicides. Most wild bees and 
wasps nest in the ground, while the rest are cavity nesters. It's important to provide 
nesting materials in the form of open soil or stems or man-made solitary bee hotels (see 
Table 4.2 for link to nebguide: Creating A Solitary Bee Hotel (G2256)). Many butterflies 
lay their eggs on or near host plants that their caterpillars will eat. For example, monarch 
butterflies lay eggs solely on milkweed whose leaves their caterpillars exclusively eat 
(Figure 4.1c). Adult monarchs need a rich diversity of nectar plants to meet their nutrition 
requirements. Understanding the needs of each stage in a pollinator’s life cycle is 
important to provide adequate habitat. 
4.5 Land Managers’ Role in Pollinator Conservation 
Land managers are expert decision makers for private or public federal, state, 
county, municipal and tribal lands in Nebraska. Land managers have the opportunity to 
make a big difference for Nebraska’s pollinators. Examples of this may include home 
owners with large property and underutilized pasture or natural lands, city planners that 
want to certify their city as a Bee City USA, Nebraska Department of Transportation 
employees interested in establishing pollinator plots on Nebraska roadsides, managers of 
federally-owned lands looking to provide or conserve habitat for pollinators, or educators 
wishing to create pollinator habitat that can double as an outdoor classroom. As a land 
manager, you may want to make improvements to restore or enhance the landscape but 
have limited or no funds. This document provides a short list and summary of potential 
programs, some funded, some not, and available grants for private and or public lands 
that can aid your pollinator efforts. The list of pollinator habitat programs is intended to 
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provide a starting point that can be utilized by land managers and the agencies they 
represent. For more information about a particular program, please contact the program 
directly. 
4.6 Pollinator Habitat Programs Available to Land Managers in Nebraska  
Program Name: Seed A Legacy Program 
Organization: Bee and Butterfly Fund 
Eligible Lands: Any private or public land in the U.S. 
Website: https://beeandbutterflyfund.org/habitat-programs/seed-a-legacy-program 
Online Application: https://beeandbutterflyfund.org/habitat-programs/seed-a-legacy-
program/nebraska-application 
Description: This program is available in 12 midwestern states including Nebraska and 
provides funding and resources to establish and restore pollinator habitat. 
Funding Available: Yes. Projects between 2 and 25 acres get seed mixes at no cost, 
while projects greater than 25 acres receive a cost share ranging from 25%-75% 
depending on size of the project. 
Special Notes: Applicants must provide the distance from the proposed project site to the 
nearest apiary. Go to https://ne.beecheck.org/map to find your nearest registered apiary. 
 
Program Name: National Institute of Food and Agriculture (NIFA) Grants 
Organization: United State Department of Agriculture (USDA) 
Eligible Lands: Public or private land, depends on grant selected 
Website: https://nifa.usda.gov/apply-grant 
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Description: NIFA supports a wide variety of programming and research that address 
our nation’s major challenges and invests in initiatives that ensure agricultural 
sustainability. 
Funding Available: Yes. The amount of funding provided is depends on which grant is 
selected and funding available at the time of granting.  
Special Notes: NIFA has many grants covering many topics. When searching for a 
funding opportunity filter by a keyword such as: bee, pollinator, habitat, or wildlife. Use 
one keyword at a time and browse your options.  
 
Program Name: Grants for Gardens  
Organization: Annie’s Homegrown, Inc. 
Eligible Land: Public and Private Schools in the U.S. (excluding preschools) 
Website: 
https://www.annies.com/giving-back/grants-for-gardens 
Description: This program provides funding for schools to create edible gardens and 
connect kids to real food in an educational way. 
Funding Available: Yes. $3,000 for new grant applicant winners and $5,000 for 
returning Grants for Gardens winners. 
Special Notes: See FAQ for more information: https://www.annies.com/grant-faqs 
 
Program Name: Tribal Wildlife Grants 
Organization: U.S. Fish and Wildlife Service 
Eligible Lands: Tribal lands 
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Website: https://www.fws.gov/nativeamerican/grants.html 
Description: This program helps tribes develop and implement programming that 
conserves, manages, monitors, researches, and educates the public about fish and wildlife 
resources and habitat.  
Funding Available: Yes. The amount of funding provided depends on which grant is 
selected and funding available at the time of granting.  
Special Notes: Contact the Fish and Wildlife Service’s Office of the Native American 
Liaison for application materials here: https://www.fws.gov/mountain-
prairie/ea/contactUs.php. More information on writing federal grants found here: 
https://blog.grants.gov/2016/11/29/exploring-eligibility-federal-grants-for-native-
american-tribal-governments-and-organizations/ 
 
Program Name: Monarch Butterfly and Pollinators Conservation Fund 
Organization: National Fish and Wildlife Foundation (NFWF) 
Eligible Lands: Federal, state, municipal, tribal, non-profit organizations, educational 
institutions, and international organizations 
Website: https://www.nfwf.org/monarch/Pages/home.aspx 
Description: This program funds projects that at work to conserve the monarch butterfly 
and other at-risk pollinators.  
Funding Available: Yes. Up to $440,000 in grants will be awarded in 2019, for habitat 
improvement projects. Funds administered by Natural Resources Conservation Service 
(NRCS), Shell Oil Company, U.S. Forest Service, Bureau of Land Management, and U.S. 
Fish and Wildlife Service. 
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Special Notes: Projects in Nebraska are considered high priority for these grants because 
we are part of the monarch butterfly migratory flyway. For more details see factsheet 
(Figure 4.3): https://www.nfwf.org/monarch/Documents/factsheet.pdf 
 
Program Name: National Wildlife Federation’s Schoolyard Habitats®  
Organization: National Wildlife Federation 
Eligible Lands: Public and Private Schools in the U.S. 
Website: https://www.nwf.org/Garden-for-Wildlife/Create/Schoolyards 
Description: This program aims to create wildlife habitat on school grounds while also 
providing outdoor classrooms in the form of a Certified Wildlife Habitat.  
Funding available: No, but free resources are provided to help teachers install, use, and 
maintain a schoolyard garden. Schoolyard habitats are also eligible to apply for a 
Schoolyard Habitat Certification.  
Special notes: To certify your schoolyard habitat, complete this online application 
(https://www.nwf.org/Garden-for-Wildlife/Certify). Schools can choose to become 
further recognized as an Eco-School. If you are interested in the Eco-School 
programming, go to this webpage: https://www.nwf.org/Eco-Schools-USA
 
Program Name: Simply Have Areas Reserved for the Environment (S.H.A.R.E) 
Organization: Pollinator Partnership 
Eligible Lands: Private or public land in the U.S. 
Website: https://pollinator.org/share-how-to 
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Description: This program aims to connect pollinator habitats throughout the United 
States by mapping registered pollinator plantings.  
Funding Available: No, but resources including how-to guides for developing pollinator 
habitat in the landscape, a mapping tool, and monitoring protocols are included at no 
cost. 
Special Notes: Be sure to get the BeeSmart™ pollinator gardener app 
(https://pollinator.org/bee-smart-app) to make selecting plants easier for your specific 
region. 
 
Program Name: Bee City USA 
Organization: Xerces Society 
Eligible Lands: Incorporated cities, towns, counties in the U.S. 
Website: https://www.beecityusa.org/what-is-a-bee-city.html 
Online application: https://www.beecityusa.org/application-city.html 
Description: Affiliates create and sustain habitat for pollinators in their communities and 
educate the public on pollinators and their local and global importance. 
Funding Available: No. A fee is charged based on population. 
Special Notes: See FAQs for more information: https://www.beecityusa.org/faqs-and-
forms.html 
 
Program Name: Bee Campus USA 
Organization: Xerces Society 
Eligible Lands: College or university campuses in the U.S. 
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Website: https://www.beecityusa.org/what-is-a-bee-campus.html 
Online application: https://www.beecityusa.org/application-campus.html 
Description: Affiliates create and sustain habitat for pollinators on their college or 
university campus and educate students and the public on pollinators and local and global 
importance. 
Funding Available: No. A fee is charged based on enrollment. 
Special Notes: See FAQs for more information: https://www.beecityusa.org/faqs-and-
forms-998993.html 
4.7 Anyone Can Help Pollinators! 
You don’t have to manage land or own a home to help pollinators; there are many 
ways for all Nebraskans to help conserve pollinators! Here are 6 ways anyone can help: 
1) Get involved at your local school and suggest planting a pollinator garden; 2) 
Volunteer at pollinator plantings or gardening events in your community; 3) Help 
neighbors and friends identify and plant pollinator-friendly flowers; 4) Learn how to 
identify pollinating insects and monitor public spaces; 5) Note the pollinators you see on 
iNaturalist (inaturalist.org); 6) Be an advocate by staying informed about policy decisions 
that impact the environment and pollinators.  
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4.8. Figures and Tables 
 
Figure 4.1. a) Native bumble bee (Bombus sp.) queen, b) magnified bee thorax with 
pollen sticking to hairs, and c) monarch caterpillar feeding on milkweed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Diverse seed mixture of native wildflowers.  
a b    c 
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Figure 4.3 Screenshot of Monarch Butterfly and Pollinators Conservation Fund Factsheet. 
Factsheet. 
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Table 4.1. List of at-risk pollinators of Nebraska as identified by Nebraska Natural 
Legacy project 
 
At-Risk Insect Pollinators of Nebraska Identified by 
Nebraska Natural Legacy Project 
Common Name Scientific Name 
Monarch  Danaus plexippus 
Regal Fritillary  Speyeria idalia 
Colorado Rita Dotted-Blue  Euphilotes rita coloradensis 
Iowa Skipper  Atrytone arogos iowa 
Mottled Duskywing  Erynnis martialis 
Two-spotted Skipper  Euphyes bimacula 
Bucholz Black Dash  Euphyes conspicua bucholzi 
Ottoe Skipper  Hesperia ottoe 
Married Underwing  Catocala nuptialis 
Whitney Underwing  Catocala whitneyi 
Southern Plains Bumble Bee  Bombus fraternus 
Variable Cuckoo Bumble Bee  Bombus variabilis 
Suckley’s Cuckoo Bumble Bee  Bombus suckleyi 
Hunt Bumble Bee  Bombus huntii 
American Bumble Bee  Bombus pensylvanicus 
Western Bumble Bee  Bombus occidentalis 
Yellow Bumble Bee  Bombus fervidus 
Morrison Bumble Bee  Bombus morrisoni 
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Table 4.2. List of Nebraska Extension publications for further reading.  
 
For more information on helping pollinators, check out these Nebraska 
Extension titles 
General Pollinator Information 
Bees and Wasps Around The Home And Landscape (EC3023) 
http://extensionpublications.unl.edu/assets/pdf/ec3023.pdf 
 
Stinging Wasps And Bees (G1447) 
http://extensionpublications.unl.edu/assets/pdf/g1447.pdf 
 
Pollinator Conservation Efforts 
Bee Aware: Protecting Pollinators From Pesticides (EC301) 
https://entomology.unl.edu/scilit/Protecting-pollinators-from-pesticides.pdf 
 
Conserving Bumble Bees (EC1587) 
http://extensionpubs.unl.edu/publication/9000016522596/conserving-bumble-bees/ 
 
Creating A Solitary Bee Hotel (G2256) 
http://extensionpublications.unl.edu/assets/pdf/g2256.pdf 
 
Landscape improvements that benefit pollinators 
Landscape Sustainability (G1405) 
http://extensionpublications.unl.edu/assets/pdf/g1405.pdf 
 
Backyard Wildlife: Planting for Habitat (G1571) 
http://extensionpublications.unl.edu/assets/html/g1571/build/g1571.htm 
 
Landscape Plants For Wildlife (G1572) 
http://extensionpublications.unl.edu/assets/pdf/g1572.pdf 
 
Wild plant and bee information 
Common Forbs and Shrubs of Nebraska: Rangeland, Prairie, And Pasture (EC118) 
https://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=5801&context=extensionhist 
 
Conserving Biodiversity: A Bee’s Role in Natural Landscapes (Katie Lamke’s Ext.Circular 
soon to be published) 
 
